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SUMMARY OF RESEARCH OBJECTIVES

following objectives were submitted in chronological order for

statement of work:

Prepare InP substrates for epitaxial deposition of InP

Optimize planar reactive deposition (PRD) growth param-
eters for InP epitaxy cn InP substrates

Grow intentionally doped n~type epitaxial lavers

Characterize InP epitaxial layers according to structural,
electrical, and optical properties

Provide InP epitaxial films to AFOSR for evaluation by
the Air Force

Upgrade and passivate the heat shield design in the PRD
appartus

Investigate the effects of gas purity by monitoring film
quality with alternate gas sources

Undertake mass spectrographic analysis of the InP films

Grow n-type InP films via PRD having electron concentrations
of lolb/cm3 and less
+
Heavily dope the In source with Sn to achieve n
films

+ +
Grow an n /n/n  structure

+ + ,
Deliver an n /a/n  structure to AFOSR for evaluation

Grow InP films in a low-pressure system, in which In is
supplied by evaporation, and phosphorus is supplied via
the decomposition of phosphine

Grow InP films in a low-pressure system in which In and
phosphorus are supplied in the gas phase via triethyl
indium and phosphine

Grow InP films in a low-pressure system in which In and
phosphorus are supplied in the gas phase via triethyl~-
indium and phosphorus/halogen mixtures, to investigate
halogen effects on background impurities in films

Grow GaAs films on semi~insulating substances in a
low-pressure system in which gallium and arsenic are
supplied in the gas phase via trimethylgallium and
arsine.
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N SIGNIFICANT ACCOMPLISHMENTS

g . ) Developed the planar reactive deposition (PRD) technique to

grow binary, ternary, and quarternary III-V thin films

' ° Grew InP films by PRD with room temperature mobilities
(= 4000 cm2/Vsec) higher than those for films prepared by

molecular beam epitaxy

+
[ Prepared n and InP films by PRD with carrier concentrations

of a few times 1019 cm_3 using Sn doping

+ +
3 ® Prepared n /n/n InP multilayer structures on InP
: ® Prepared large-area (10 cmz) epitaxial InP films on InP '
substrates
- ° Grew lattice matched InGaAs, InGaP, and InGaAsP films on

II11-V substrate by PRD

® Grew epitaxial layers of Ge on GaAs and Ge substrates at low
temperature after modification of the PRD system with internal

t support

) Constructed a low-pressure metal-organic vapor deposition

- (LPMOCVD) system

® Prepared unintentionally doped p-type epitaxial GaAs by LPMOCVD,
20 -3
cm

with carrier concentrations as high as several times 10

\ ° Prepared unintentionally doped p-type GaAs by LPMOCVD, with a

. total concentration of electrically active centers (NA + NA)
M> as low as 1016 cm_3
] Used our studies cf GaAs defect chemistry to guide us in the

direction of future InP thin film growth
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SECTION 1
’ INTRODUCTION
N Thin films of InP are promising for use in high-frequency microwave
. and transferred electron devices.l_3 These devices require films that

are of uniform and precise thickness, contain abrupt doping profiles,

and are of high purity. The molecular beam epitaxy (MBE) process4 is an
especially attractive approach to preparing films with these require-
ments. However, the transport properties of MBE films, especially InP,
are not as good as those prepared by the chemical vapor deposition halide
processS and metal organics.b In addition, MBE is an expensive approach;
in part because an ultra-high~vacuum (UHV) growth environment is
required, and also because only limited substrate coating areas are possi-
ble. One of the first objectives of this program was to use the planar
reactive deposition (PRD)7'8 approach to prepare InP films with improved
transport properties. This approach is also a vacuum-deposition tech-
nique, and has the potential for preparing films with the above require-
ments. With this approach, we can prepare films with gaseous sources,
and in reactive atmospheres. The use of gaseous sources and reactive
atmospheres in PRD are also means of {mproving the purity of the films.

To date, InP films preparced by PRD, using PH, as the source of phosphorus,

3 4,10-12

have a higher room temperature mobility9 than those prepared by MBE.

The concept of adding reactive gaseous sources to improve the purity of
13,14 Calawa used AsH3 as the

source of arsenic in his MBE system, and obtained films with mobilities

films has been recently extended to GaAs.,

S nigher than those of all other MBE groups. Our concept of using reactive
f; atmospheres to lmprove the transport properties of 1II-V films prepared
?Q by vacuum technologies has been reinforced.
f{i During the first year of this program, Manasevit et al.15 had pre-~
'1 pared InP films with good transport properties by metal-organic chemi-

1 . cal vapor deposition (MOCVD) at aiwospheric pressure. Unfortunatelv,

3

undesirable intermediate reactions occur with this process re:ulting in

add o).

i 15
{
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. 16
the formation of unwanted compounds. 17

Provided that low carbon
concentrations could be acheived, the growth of these films at low pressures
and correspondingly lower temperatures might result in layers with signif-
icantly improved transport properties for high~-speed devices. Therefore,
we included additional tasks in the Statement of Work to prepare InP and
GGaAs by low-pressure (LP) MOCVD. During the course of this program,
Thompson—CSFb prepared InP films by LPMOCVD, with transport properties
superior to those prepared by MBE and PRD. Our goal of preparing InP by
I.LPMOCVD was never achieved. However, we did accomplish the intermediate
steps of constructing a LPMOCVD svstem, preparing Gaas films, and examin-
ing the mechanisms of carbon incorporation.18 Unintentionally doped
p-type GaAs films with concentrations of ionized impurities as low as
1016 cm_3 were prepared. Our studies of the defect chemistry in GaAs
helped us determine the future direction for future InP thin film growth.
In Section 2 we will first discuss the advantages of growing thin films
by various vacuum technologies. More specifically, we will describe the
growth of InP, InGaAs, InGaP, and InGaAsP by PRD, Ge by low pressure CVD,
and GaAs by LPMOCVD. We will then discuss the properties of our In-based

films prepared by PRD, and GaAs films prepared by LPMOCVD in Section 3

and Section 4, respectively. The direction of future InP thin film work

is discussed in Section 5.
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SECTION 2

HYBRID MBE/CVD PROCESSES

A. ADVANTACES

In this section, we describe two hybrid molecular beam epitaxy (MBE)
chemical vapor deposition (CVD) processes, which we call planar reactive
deposition (PRD) and vacuum CVD. In these two processes, as in the
convent ional MBE process, source and substrate assemblies operate inside
vacuum enclosures. However, in PRD and vacuum CVD, gas-phase sources
are used; and the unreacted and reacted by-product gases are pumped away
by a turbomolecular pump. In PRD, some of the constituents are supplied
by evaporation, while other constituents are supplied by gas phase sources,
A hybrid MBE system, which uses AsH3 as the source of arsenic, therefore,
operates within this framework. [n vacuum CVD, all of the constituents
are supplied from gas phase sources, One advantage of using gas-phase
sources is that hydrogen can be readily introduced, and tends to reduce
oxygen and carbon incorporation; thereby relaxing, for the same low sub-
strate temperatures, the UVH requirement associated with MBE. The other
advantage of gas phase sources is an ability to coat larger substrate
areas in PRD and vacuum CVD than in MBE. The source/substrate assembly
schematics in Figure 1 illustrate these concepts.

[n the preparation of 111-V compounds with a conventional MBE
svstem, the group 11T and group V molecular beams are suppliced by
evaporation from two spatially separated, thermally isolated Knudsen
sources. An epitaxial film is grown on a heated substrate placed in
the region where the beams intersect.  Because the beam intersection
area is limited, the substrate arca is also limited (see Figure 1(a)).

The PRD system differs from MBE in that the yroup 111 and group V
beams originate from the same source, which allows the deposition area

to be scaled up in two dimensions.  The use of a pas phase source improves

17
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film homogeneity (sec Figure I1(b)). Thus, in PRD, the group IIl element
is evaporated from a crucible just as in MBE. However, the group V
element originates by introduction of the group V hydride gas into the
group IIl source cavity. Since group V and group III vapors mix in the
same source, a more homogeneous molecular beam originates from a single
source, thus permitting uniform depositions over a larger area. In
Section 3 we will discuss the properties of InP, InGaAs, InGaP, and
InGaAsP prepared by this process.

The vacuum CVD process potentially allows even more scalability.
This arises because the sticking coefficients for most gas-phase sources

. 22-24
are not unitv,

When each reactant gas molecule undergoes multiple
collisions before sticking, the substrates can be mounted around the
perimeter and on the bottom, as well as the top of the deposition cavity

(see Figure 1(c)). Conceivably, the substrates could even be stacked

on shelves within the deposition cavity, as is done for low-pressure CVD
polvsilicon coatings.25 l.ater in the same section we will discuss the
preparation of epitaxial films by the pyrolysis of CeHA.ZO’21 Internal
support was used to prepare Ge films. However, because the pyrolysis of
GeHa was an intermediate step to prepare GaAs, we include it on this
report.

When the reaction probability per collision for one of the gas phase
reactants is unity, as in the growth of I1I-V films by MOCVD, the degree
of scalability decreases. However, the benefits from operating at a
reduced pressure may still justify growth by this process. Tt may be
desirable to (1) reduce the interaction of the reactants in the vapor ﬁ
phase, (2) reduce the substrate temperature, and (3) reduce the degree
of auvotdoping from the film, Reducing the substrate temperature reduces
interdiffusion between the film and the substrate, and reduces contami-

nation of the film from the environment. If the growth rate is kineti-

cally limited by an interface between the vapor and the substrate,

reducing the temperature may further enhance this kinetic limitation,
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However, the kinetic limitation can be alleviated if the pressure is
reduced. Also, in MOCVD growth the incorporation of high concentrations
of carbon may be unacceptable.

Having Jdiscussed some of the potential advantages associated
with gas-phase sources, we present in the following sections a more
detailed description of the PRD and vacuum CVD equipment, as well as
substrate preparation procedures used to obtain the epitaxial films

described in Sections 3 and 4.

B. DESCRIPTION OF THE PLANAR REACTIVE DEPOSITION PROCESS

We have prepared InP, InGaAs, InCaP, and InCaAsP with the PRD
process. A photograph of the PRD system is shown in Figure 2. It
consists of a metal vacuum chamber that is pumped on by a turbomolecular
pump located directly below it. Two PRD deposition units are located

within the vacuum chamber. A cross section through the PRD unit is

shown in Figure 3. Tne substrate is mounted above the source cavity,
which is enclosed by a liquid nitrogen shroud. Heat shields are mounted
within this shroud. 1In the preparation of InP, In metal is evaporated
from a graphite crucible. A PH3/H2 gas mixture is then introduced into

the crucible. The PH, gas decomposes in the In source cavity, and In

3

2
view of the substrate plate, which rides on bearings, is shown in

vapor, P vapor, and H, gas stream onto the substrates. A schematic top
Figure 4, The vapor pressure of the In controls the film growth rate and
is determined by the source temperature, Residual gases are exhausted
at the pump port by the turbomolecular pump. Stoichiometric films are
produced by adjusting the mass flow controller to allow an excess of P
vapor in the inner growth chamber, In the growth of InGaAs, InGaP, and
InGaAsP, both In and Ga are added to the Knudsen cell. In the growth of

InGaAsP, a premixed ratio of AsH, and PH, was also introduced into the

3 3

Knudsen cell,
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The PRD assembly is equipped with a residual gas analyzer (CVC

Quad 1210, 0 to 100 amu). This permits identification of impurity gases
before and after film depostion. Figure 5 shows spectra (a) during

pumpdown after sample loading, (b) before filling with LN (¢) after

2°
adding LN2 to the saroud, (d) while throttling the gatevalve to increase
the background pressure of noncondensable gases, (e) during source out-
gassing, and (f) four hours after the run. After loading and pumping
down the system, the total pressure is about 10_7 Torr. Adding LN,
lowers the pressure of condensable gases, in this case primarily H_0, by
an order of magnitude. Note the decrease in H20 peak intensity from (b) +
to (c). To help identify our background contaminants we throttled the

gate valve while the chamber was filled with LN The intensities of

9
the CO peak and another unknown peak corresponding to a higher mass
increased. During outgassing the pressure then rose as a result of the
release of H2 and CO from the source. The horizontal and vertical gains
for the RGA spectra were not all the same. Therefore, it could be mis-
leading to respectively relate peak position and associate the partial
pressure with areas under the peaks.

Growth procedures and substrate preparation are briefly described

below. For this program, epitaxial InP films were grown on (100) semi-

insulating and (100) and (TTI) n~type InP substrates obtained from

Cambridge Instruments, Metals Research Division. The saw-cut 1.5 in.
diameter InP wafers are diced into 3/8 by 3/8 in. squares and then
mounted with In on 1/4 in. high, 5/8 in. diameter cylindrical Mo blocks.
A 5%Z bromine-in-methanol solution is applied to a lens paper pad on a
glass plate. Polishing the samples by hand from 3 to 5 min yields an
optically smooth surface with only a slight "orange peel" effect. The
samples are then rinsed and stored in electronic-grade methanol. The
samples, just before being loaded, are etched for 10 min in a 0.1%
Br:methanol solution, and rinsed in methanol and 10 M deionized water.
The samples are then spun dry and set into the rotary substrate plate in '
the PRD chamber. After pumping down the vacuum chamber to the 10-7 i

Torr scale, LN2 is added to the shroud. The source is turned up to 850°0C ?
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for outgassing, while the substrates are being preheated to 3500C in an
adjacent position not over the source. The PHB/HZ gas mixture (either
104 or 50% PH3 in HZ) is introduced, and the total gas flow rate is
determined by a Tylan Corp. FC-260 mass flow controller. The flow rate
is typically 10 std cm3/min. After the source is outgassed for 60 min.,
it is turned down to 500°C and the substrates are rotated into position
above the source. The InP substrates are then heated to 4759C for
thermal cleaning in the presence of P vapor. The P vapor stabilizes the
InP surface against In droplet formation16 and allows reproducible
thermal cleaning. Finally, the substrate temperature is set to the
desired deposition temperature and the source temperature is turned down

to 5000C while the substrates are allowed to cool to 300°C before either

rotating to the next deposition position or turning off the P vapor flux.

C. DESCRIPTION OF LOW PRESSURE CHEMICAL VAPOR DIFPOSITION PROCESSES

Growth of InP by MOCVD at one atmosphere often results in the forma-
tion of a solid addition compound thought to have the composition
(CHBInPH)x.lf)’17 Growth at low pressure avoids the formation of unwanted
intermediate reactions. Both Ge and GaAs thin films were grown by vacuum
CVD. The growth of these films were intermediate steps for the growth
of InP by metal organics.

One of the most important advantages of an all-CVD process is the
flexibility in preparing ternary and quarternary multilayer structures.
Although the composition profile of the group V elements may be varied
through the control of the gas flow ratios in PRD, co-evaporation of the
premixed group III reactants from the Knudsen cell in a fixed ratio
limits the flexibility of the system. Introducing the group III1 reactants
into the deposition system in the vapor phase as a metal organic permits

the reactant composition profile to be controlled, hence permitting an

unlimited number of layers with different compositions to be prepared.




,o

1. Low-Pressure CVD Growth of Germanium

In the growth of Ge the carbon crucible was replaced by a 4-in.
diameter, 6-in. high quartz cup with a sleeve at the bottom, through
which CeH4 entered the vacuum chamber. This cup is shown on the left-
hand side of Figure 6. In this process both Ge and GaAs substrates are
loaded into the system on the rotary substrate and placed over the
quartz cup. After outgassing of the substrates and cup, CHQ is intro-
duced into the system to initiate growth. These studies were undertaken

with internal funding and are discussed in more detail in Reference 20.

2. Low-Pressure MOCVD Growth of GaAs

In this process, the metal organic compound decomposes as it makes
contact with the hot substrate, thus depositing the group [1I atom, and
releasing methane, ethane, and unsaturated carbon-hydrogen molecules
into the vapor phase. This step is similar to the decomposition of

GeH However, it is different, in that with GeH, multiple collisions

4" 4
are required to completely decompose GeHA, whereas with the metal organic
compounds only a single collision is required to do so.6’15’26 When a

hydride, such as AsH, is introduced in the presence of excess Ga, GaAs

4
is formed.

The next step in growing InP was to grow GaAs. GalAs is easier to
grow because the metal organic compound does not react with the hvdride
in the vapor phase as it does in the growth of InP. A gas train includ-
ing (Cﬂj)jGa (TMGa) and (C2H5)3In sources was assembled and plumbed into
the PRD system. (See left had side of Figure 6.) The 10% mixture of

arsine in hydrogen used in the growth was purchased from Scientific Gas

Products. The metal organics were purchased from Alfa Ventron.

a. Growth Inside the PRD Chamber

The growth of GaAs was undertaken in the quartz chamber that

was used to grow the Ce films. As a first step we calibrated the

growth rate by depositing Ga on sapphire substrates. In the growth of




e/ Hsy/EHd

M

*uoriisod uorirsodap 1y8ra ay3l ur uorzrsodap
aaT3I0ea1 aeuejd Aq pue uuilrsod uorirsodap 21397 9yl uy uorirsodap
lodea Teotwayd druedio-[ejaw 2i1nssaild-mo] Aq spunodwod A-III1 JO yjmoin °g aand

Ha5 40 EH/EHsy/EHg

v

Y 1R NI
% z%m._ow%zz %L mmw__ xr% m m‘IV H31vaH3Y
NN e N N
,/ Nx\.ww\mu\vm W/ m:mvbﬁom_ / /
27 27222777, )\ 27
) Tmoﬁtsmh

T4




- . -

GaAs, the AsH3 flowrate was first established. Then TMCGa was bled into
the system. The actual pressure during growth was not known because the
thermocouple gauge was located outside of the quartz deposition chamber.
Films were analyvzed by a microprobe and were found to be stoichiometric
within the accuracy of the microprobe.

The growth of the metal-organic compounds inside the PRD chamber
was discontinued for several reasons. First, we intended to eventually
grow the metal organic compounds in the presence of HCl. Chemical attack
of the turbopump and the metal parts might occur with the present experi-
mental arrangement. Second, the metal organics appeared to be a source
of contamination in the right side PRD deposition chamber. Subsequent
to the deposition of GaAs by metal organics, we prepared single-crystal
epitaxial InP films by PRD in the alternate right side deposition position.
The electrical properties of the InP films were poor. Although enough
runs were not undertaken to ensure that the metal-organic deposition was
a source of contamination, particulate matter in the PRD chamber in the
form of flakes from the metal-organic film process were found. This dis-
couraged undertaking both processing techniques in the same vacuum cham-
ber., Besides the substrate plate, the quartz lamp heats other parts in
the vacuum svstem, and metal-organic vapors decompose on contact with
them. The quartz lamp eventually becomes coated itself. By heating the
Mo substrate bv conduction instead of radiation, some of these problems
were solved. However, it was difficult to prevent embrittlement of the
exposed heater filaments, which were required to heat the substrate plate
bv conduction up to 700°C.

The preparation of layers from metal organics would also interfere
with our plans for preparing n+/n/n+ structures for this program and
multilaver structures for other programs because the preparation of multi-
laver structures bv PRD required both deposition positions. For these

reasons we prepared GaAs, and intended to prepare InP in a similar

quartz chamber located outside of the PRD vacuum chamber.
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b. Growth Qutside of the System

Figure 7 is a schematic of the PRD and revised LFMOCVD systems
shown in Figure 2. Both systems share the forepump. A line connects
the high-vacuum PRD chamber and the exhaust of the LPMOCVD chamber. In

this system, the TMGa and 107 mixture of AsH, in hydrogen are bled into

a vertical quartz reactor (Figure 8). Thesejmixtures decompose and

react to form CaAs on the (100) semi-insulating GaAs, sapphire substrates,
and the quartz pedestal. The outer quartz jacket is coated with GaAs,

to a lesser extent because its temperature is significantly lower than

the substrate which was held at about 550YC. The substrates were radia-
tively heated by a coil located directly under the pedestal. Visible
radiation from the heater allowed us to observe the coating of the
sapphire and pedestal during growth. H2 and the gaseous byproducts of

the TMGa decomposition are pumped out through the opening between the
outer quartz jacket and the concentric quartz pedestal by a Leybold

4 Torr.

Hereaus rotary vane pump, having a base pressure of about 10~
A cold trap between the rotary vane pump and the system decreases oil
backstreaming. A working pressure below 50 Torr is maintained by a
needle valve located between the reactor and the cold trap, and is mea-
sured upstream from the reactor at the intersection of the HZ/PHq and
TMGa lines. The actual pressure in the reactor was less than 50 Torr.
A residual gas analyzer located between the turbomolecular pump and the
exhaust of the reactor was used for leak checking. When the system was
outgassed and leak-checked, the valve to the forepump was closed and
the system was pumped on by the turbopump.

Before loading the substrates, the guartz pedestal is baked out in
vacuum for 30 min. at 5509C. The remainder of the system is baked out
at about 1009C. After the reactor is cooled to room temperature, the

system is backfilled with N,, and the outer quartz jacket removed from

2,‘
the pedestal. Wafers of GaAs approximately 2 cm by 1 cm, and a sapphire
disk approximately one centimeter on a side are placed on the pedestal.
Previous to loading, the GaAs walers are given a 10 sec 0.17% bromine-in

methanol etch and blown dry in dry N,. After closing the reactor, the
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system is purged with AsH,j/H2 and heated to the growth temperature.

After about 20 min at 550°C, growth is initiated by introducing TMGa.

The total flow rate is about 50 cc/min. After 10 min of growth, the
pedestal and sapphire darken indicating coverage of the GaAs substrate.
After one to three hours, growth is terminated by stopping the TMGa flow.
The substrate temperature is reduced to room temperature before turning
oft the ASHB. To change the ratio of the AsH., flow to the TMGa flow

3

(FASH3/FTMGa)’ the TMGa flow is varied by about a factor of three. The

exact ratio is established by adjusting the ASH3 flow rate. Runs at low

‘AsH3/FTMGa

runs at higher F /¥, last about three hours. That the film thick-
AsHy’  TMGa

ness was proportional to the TMGa flow rate is consistent with the liter-

I last about one hour. To obtain the same film thickness,

ature. Before the first of the three runs at the higher flow rate ratio,
the system was not baked out and the growth conditions were considered

to be atypical.
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SECTION 3

FILMS PREPARED BY PLANAR REACTIVE DEPOSITION

About 80 runs were undertaken by PRD in this program. The first 20
runs established the growth rates, the PH3 flow rates, and the growth
procedure discussed in Section 2. The next 10 runs were directed toward
obtaining epitaxial films with good morphology. Films were intention-~
ally doped with Sn in the next 10 runs to obtain n+ doping. In the next
20 runs we obtained films with the best transport properties. In the
last 20 runs we prepared n+/n/n+ structures, large area coatings, and

ternary and quaternary layers.
A. InP BY PRD

1. Experimental Results

a. Crystal Perfection and Morphology

Microprobe measurements (Figure 9) were initially used to
establish that stoichiometric films were obtained. Scanning electron
microscope (SEM) pictures were simultaneously taken to examine the
morphology. Figure 10 shows SEM pictures of InP films deposited on
(100) InP and GaAs at about 420°C. A polycerystalline film deposited
on a sapphire substrate at the same temperature is included for com-
parison. The best films on a (100) surface are optically smooth and
free {rom detects when analyzed with an SEM. The quality of the
epitaxial deposition depends on surface preparation. It was especially
important to remove damage induced by sawing the wafers. Our preparation
procedure is discussed in Scction 2. Figure 11 shows SEM photographs of
InP deposited onto (100) InP and (TT]) InP. The contrast between the
smooth (100) and the typically shingled (TTE) surfaces is evident.

These photographs are characteristic of InP films that have not been
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InP epitaxy on (111) InP for a substrate
temperature of about 420°C.
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{ phosphorus stabilized, resulting in microprecipitates of In. These may
be compared with Figure 10 where stabilization was used.
Selective area electron diffraction (SAD), x~-ray Read and x-ray
topographs were taken to further examine the crystalline perfection of

the layers. Most of our films examined by SAD showed well-defined elec-

L tron channeling patterns (Figure 12(a)) withno differences between the
substrate and the layer. The x-ray Read camera delineated films of
' superior crystal perfection from those with poorer crystal perfection.
In a program for the Department of Energy under Contract
XJ-9-8170-1, we examined crystal perfection at lower temperatures. It i

was more difficult to consistently obtain high-quality films at lower

temperatures. At lower growth temperatures it was common to see the .
electron channeling pattern degrade, sothat differences between the

, layer and the substrate became apparent. However, we did achieve
epitaxy at a substrate temperature as low as 260°C. Figure 13(a) shows

l an x-ray Read photograph of an (nP film grown on a sapphire substrate

- at 320°C. The rings are characteristic of the polycrystalline InP, the

spots of the sapphire substrate. Figure 13(b) is a Read photograph of

InP grown on a (100) semi-insulating InP substrate at 320°C during the

. -

same run. The spots are characteristic of the single-crystal epitaxial
film and the single-crystal substrate. Rings characteristic of poly-

crystalline InP were not observed. In the next run, the substrate

temperature was lowered to 260°C. Growth on the (100) InP substrate
resulted in a Read photograph (Figure 13(c)) that is identical to

. Figure 13(b) and is characteristic of epitaxial growth.

Some of our better films were examined with x-ray topographs.

bt Figure 12(b) shows a topograph of a layer (outlined by the circle) prepared
- at about 380”C and the substrate. The four artifacts at the periphery

4 of the deposition are Hall contacts. The artifacts in the interior are

2 ’ caused by handling. Within the resolution of the technique, entire

' films were found to be free from low-angle grain boundaries, and were

- at least as good in quality as were the substrates.

b2, . -
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Figure 12(a).
gSAD electron channeling
pattern.

7033-2

Figure 12(b).

X-ray topograph of InP
film on (100) InP
substrate.
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b. Electrical Properties

Although the morphology and crystal perfection of the best
layers in our early runs at a substrate temperature of about 380°C were
excellent, the room temperature mobilities were only in the 1,000 to
2,000 cmz/Vsec range, corresponding to a total impurity concentration
about lO18 cm_3. The carrier concentration did not freeze out, indica-
ting a shallow center, Because of the poor mobilities and the high elec-
tron concentrations, we undertook an impurity analysis of our In and our
film (to be discussed later) and modified our system.

The first design modification consisted of relocating the

LN2 shrouds. Previously, the LN

chamber through its side walls. Removing the shrouds for cleaning

2 feedthroughs had entered the vacuum

required removing the electrodes and the coolant water and PH3 lines.

Cleaning the shrouds had previously entailed considerable down time

and disturbed the clean Knudsen~cell deposition region. Relocating the
LN2 shrouds simplified their cleaning, and by so doing, reduced down
time.

The second machine modification consisted of upgrading the
quality of the hot parts in the deposition region of the chanber to
reduce the vapor pressure of the volatile impurities from those parts.
The stainless-steel thermocouple sheath was replaced by a Mo thermo-
couple sheath. The Mo heat shields enclosing the Knudsen cell were
coated with A1203. The PH3 ceramic inlet tubes to the Knudsen cells
were replaced by BN. In addition, the apertures from the Knudsen cells
were increased to permit lower source temperatures for the same deposi-
tion rates.

After modifying the system we obtained improved transport
properties. Table | summarizes electrical data in successive runs for
undoped n-type InP films prepared at 400°C after these mndifications.9

Each run contained two deposition positions and four 1 cm2 samples at

each position. Mobilities ranged from about 2,000 cmz/Vsec to
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! Table 1. Electrical Data for Undoped n-Type InP
Prepared by PRD

Van der Pauw
1 Electron .
Run | Position Mobility, sz/Vsec Concentration, Thickness,
: 3 m
Square Sample{Cloverleaf e
16
| 2,267 2,186 6.06 x 10 1
2 1,667 1.07 x 10V7 ]
2- 16
3 2,393 4.97 x 10 1
4 1,943 5.03 x 1010 1
69
1 2,652 9.91 x 10 1
2 2,610 2,430 8.44 x 10°° ]
=, 1,990 1.19 x 10'® 1
4 2,207 9.35 x 102> 1
i 1,292 2.33 x 10V/ 1.3
2 1,607 2,026 7.7 x 10'° 1.3
2= 4 1,458 4.32 x 1017 1.3
4 1,553 6.35 x 100 1.3
70 =
1 1,632 2,461 1.49 x 10 2.6
2 1,455 4.55 x 1010 2.6
3- 16
3 2,905 1.06 x 10 2.6
4 2,413 2,713 8.6 x 10°° 2.6
1 1,308 1,809 1.07 x 10°7 1.3
2 1,420 8.18 x 100 .3
2- 16
3 1,528 8.67 x 10 1.3
4 1,669 7.19 x 108 1.3
71 —
] 3,010 1.43 x 10 2.6
2 3,041 4,062 1.82 x 10'° 2.6
= 2.757 2.96 x 100 2.6
4 2.524 2.43 x 101° 2.6

T6296
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4,000 cm” /Vsec, corresponding to total impurity concentrations of
1 - . 16 -3 . . . . ;
2 x 10 7 cm 3 to 2 x 10 em . (The carrier concentrations in the
table refer to the electron concentration and not to NA + ND’ the total

impurity content.) Undoped films prepared on (100) semi-insulating sub-

x strates were always n-type. The highest room temperature electrnn

mobility was 4,062 cmZ/Vsec. This corresponds to a concentration of
) . electrically accive impurities of 4 few times 1016 cm-3. The 77°K 1
mobility for one of our better films, having a room-temperature mobility
of 3,300 cmz/\/scc, was 13,000 cmz/\/sc('. In our Hall measurements with

the Van de: Pauw technique, routine measurements with a circular tilm,

jT—

and precise measurements with a cloverleat {ilm were made. The clover-
leaf configuration generally gives a higher, but more correct, mobility. ;
The precise reason for the improvement in the transport properties was
not determined. However, it is related to upgrading the quality of the
svstem,
. . . 17 19 -3

Intentional n-type doping in the 10 to 10 cm range was

accomplished by adding Sn to the source. About 3 g of Sn in a 30 g
18 -3

; source corresponded to doping concentration of 10 c¢m T, P-type doping

was also accomplished under Department of Energy Contract XJ-9-8170-1.
9

With these films we prepared solar cells with AM2 efficiencies of 107%.

These results are a further indication of the quality of the Inb.

c. Inpurity Analyses

- Because of our initial low mobility results, we undertook

: a mass spectrographic analysis of our films. Table 2 is a mass spec-—
trographic emission analysis of a 4-pum=-thick InP film deposited onto a

i high-purity Si substrate. Films simultaneously deposited onto semi-

3 insulating InP substrates for purposes of clectrical evaluation indicated

' about 10 ppma of electrically active defects, Carbon and oxvgen were

detected as residuals in quantities less than 3 ppma. The main impur -

itv in this film was sulfur at 6 ppma. We believe that this high con-

centration of sultur is a result of residual contamination from an

. N »
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Table 2. Mass Spectrographic Analysis of a 4-ym-Thick Film
of InP Deposited on Si by PRD
Concentration, ppma

Element InP Film Si Substrate
B 0.05 0.05
(ZR 3.0 H.od
UR 3.4 6.5
¥ 1.4 2ol
Mg 1.7 1.0
S 6.4 1.0
Ci 2.4 2
Ti 0.3 0.1
Cr 0.2 0.4
Cu 1.0 0.4
Mn 1.5 2.0
Zn 0.1 0.05
Ba 1.5 Not detected
Fe Not detected Not detected
Mo Not detected Not detected
Ga
ASR
Be Intertfering lines Intertering lines
N Intertering Jines Intertering lines
Na Intertering lines Interfering lines
S Intertering lines Intertering lines
Cor Intertering lines Intertering tines
Nb Intertering |ines Interfering lines

R - Residual
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earlier run (DOE Contract XJ-9-8170-1) in which the CdS substrates were
heated to an excessive temperature. Impurity concentrations on the order
of 1 ppma in both the InP film and Si substrate were found for several
elements., To check the accuracy of the analysis, similar films were sent
to two vendors. There is some doubt as to the validity of the analysis
because the results of the second vendor showed approximately 20 ppma of
Fe, whereas the present analysis showed none. 1ron could have been
present because iron screws were used in the system. Since then, the
screws have been replaced with Mo. Mass spectrographic analysis by both
vendors showed less than 1 ppma of Mo. Our mass spectrographic analyses
have not been entirely consistent. Further studies should be undertaken
on a more comprehensive basis with thicker films. Cenerally, the mobil-
ities of our films are higher than expected 1[ the total impurity con-
centrations that were detected were electrically active.

We also examined the purity of alternate sources of In and
PH3 for use in prenaring the InP. We compared the electrical proper-
ties of film prepared with 99.9997% purity PH, from Scientific Gas

3
Products, and 99.99957% purity PH, from Phoenix Research Corporation, but

found no difference. Therefore? we turned our attention to the In.
Indium purchased from the Indium Corporation of America is nominally
99.9999% pure. A mass spectrographic analysis of In was undertaken to
verify its purity and to determine what impurities could possibly be
incorporated into the film. Table 3 shows two mass spectrographic
analyses of two different batches of In by two separate vendors, Quad
Group and Acculabs. There is a large discrepancy between vendors for
the same batch. For example, Quad Group finds high concentrations of
Al in both batches, whereas Acculabs does not. We did not pursue an
extensive evaluation of the impurity content of our InP films and

In source material because accurate results would require an extensive

study beyond the scope of this program. Instead, we improved the quality *

of the system.
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{ Table 3. Mass Spectrographic Analyses (ppma) of Indium

5245 5245 7169 7169
Element Quad Accu~ Quad Accu-
Group Labs Group Labs
t Ga 5.2
Si 2.2 1.8 2.5 3.1
Pb 0.3
Th 0.2 0.4
Mg 0.9 0.1 0.7 0.9 ;
Al 4.9 0.1 4.3 0.8
) S 1.1 1.1
K 2.6 1.9
\ Co 1.2 0.7
: Ge 2.7 1.4 :
2 6437

2. N+/N/N+ Structures

We prepared n+/n/n+ layers of InP on (100) n+ InP substrates at
350°cC. N+ films were grown from a 10%Sn:90%ZIn alloy contained within
the left deposition unit. N-type films were grown from pure In con-

tained within the right deposition unit. The three-layer structure was

vt fabricated by rotating the substrates from left to right to left during

'~> the same vacuum pump down cycle. Subsequently, the substrates were

:;~‘ cleaved and SEM pictures were taken. The edgewise picture of the

~é;: . structure in Figure 14 shows that each of the layers was about 2-um f

o thick. The electrical properties of the layers in such a structure »
‘ could not be determined. But, in a previous run, n and n+ layers 4
3 deposited on separate semi-insulating substrates showed carrier con-
R centrations of about 2 x 1016 and 2 x 1018 cm_3, respectively. These

,; studies demonstrate that multilayer structures can be prepared by PRD. :
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3. Large~-Area Coatings

One advantage of the PRD approach is that the reactants are
coevaporated from the same source. Consequently, it is easler to
scale up the system for the deposition of large-area coatings having
uniform thickness and composition. The dimensions of our PRD chambers
permit deposition areas of 90 cmz. Normally, we prepared InP layers
on 1 cm2 substrates. During this program we deposited InP films on
several 12 cm2 InP substrates at 340°C (Figure 15). These large-area
coatings were obtained with a 4-1/2-cm-diameter Knudsen cell, located
12 cm below the substrates. The reactants emanated from three holes,
each 1/8 in. in diameter. An approximately 1 pum step, apparent at
the corners of the InP wafers, and on the Mo disks, outlined the InP
deposition. Our initial evaluation of these films showed them to be
uniform in thickness ('0.2 um), and comparable in quality to layers

prepared on smaller area substrates.

4. Discussion

We established reasonable control over the growth rates, uniformity,
crystal perfection, and surface morphology of InP thin films prepared
by PRD. Purity is the limiting factor in the development of this
material for devices. Figure 16 shows the highest room temperature
electron mobilities and the corresponding carrier concentration for
unintentionally doped InP thin films prepared at different substrate tem-
peratures by various vacuum thin-film technologies. Below a substrate
temperature of 3259C, the transport properties of electrons are domi-
nated by native defects. At higher temperatures, the electrical

properties are probably dominated by impurities. Our highest mobilities
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are plotted for several substrate temperatures. The highest mobility of

a film prepared by PRD is better than that prepared by MBE. However,
the mobility of InP prepared by LPMOCVD is even better. Only qualita-
tive reasons can be given for these differences.

! The environment of a molecular beam epitaxy system is certainly

cleaner than that of a LPMOCVD system. If carbon is considered to be an

. electrically active impurity in InP, then the starting materials used in

MBE are also cleaner than those in LPMOCVD. The fact that LPMOCVD has

produced film of higher mobility than those by MBE would indicate that

factors other than the purity of the starting materials and background

cleanliness are more important. After certain limits on the purity of
the starting material and background cleanliness have been established,

, further improvements in purity may only occur if the films are processed
in a reactive atmosphere. Films prepared by LPMOCVD are prepared in a

( reactive atmosphere of HZ‘ The purity of films prepared by LPMOCVD may

be better than the purity of films prepared by PRD because of a signif-

icantly higher H, working pressure.

2
' By varying the ratio of the flow rates of the group IIl metal organic
compound and the group V hydride, the total concentration of electri-

cally active impurities, NA+ND

strated with GaAs prepared by MOCVD.

» may be minimized. This has been demon-

The effects of deviation from
stoichiometry for the growth of InP by MOCVD, LPMOCVD, and MBE are not

documented in the literature. During this program, we did not inten-

. tionally vary the ratio of the indium flux to the phosphine flow rate

. (FIn/FPH ) tominimize NA+N However, subsequent to our experimental

D

results, we did attempt to make such a correlation between FIn/FP and

H
the electrical data., We did not find a correlation, possibly due go
several reasons.

First, in addition to In evaporated from the Knudsen cell, residual

In was also evaporated from other hot regions
the quantity of residual In incorporated into

from run to run, the purity of In in the film

near the source. Since
the film may have varied

may not have been constant.

Second, it was necessary to alternate this study with another study

which required volatile n- and p-type dopants in the system. Excessive
52
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concentrations of residual dopants may have been in our system during
our growth of unintentionally doped InP. Third, we had no assurance
that the partial pressures of residual noncondensable dopant gases

were reasonably constant. Because the system was not completely supported

x by this program, it was often cleaned resulting in different levels of C

and O. At the ionization gauge outside of the deposition chamber, the
CO and 02 pressures varied over ranges up to 10_7 and 10_9 Torr,

respectively,

As discussed earlier, we observed an increase in the mobilities

. after the system was modified. Although we obtained room temperature
mobilities as high as 4000 cmZ/Vsec, mobilities only in the 2000 to 3000

2 . s .
cm”/Vsec range are reproducible. Subsequent to the modification, we

' again used two different sources of PH3; no correlation between the PH3
source and electrical properties was found. As an alternate source of
In, we intended to grow InP films using In from the decomposition of
(C2H5)3In. (CZH5)3In was decomposed in the Knudsen cell, but InP films
- were not grown.

i In order of decreasing importance, the residual gases and potential

sources of contaminants in the system are: CO, 02 and HZO' CO and HZO

are observed during outgassing of the source and are present at high

pressures during film deposition. Unfortunately, the mass spectrographic

analyses were not sensitive enough to determine accurate concentrations

of C and 0. We have considered the vacuum growth of InP in the presence

of PC13. Growth in the presence of the halides should eliminate O and

. reduce C by formation of the volatile Group 1V tetrachlorides. To obtain

~§ InP film with improved transport properties it will be necessary to

. (1) modify the source to reduce the source of carbon, (2) undertake

- .

\ 4 growth in a more reactive enviromment to further reduce the concentration D
g of C and 0, (3) introduce controlled concentrations of C and O to deter- é:
1 ) mine their effect on the transport properties of InP, and (4) establish i»

4 '
. the relationship between P /F and the electrical properties. ;;

3 PH3 Inm [
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B. InGaAs, InGaP AND InGaAsP

To extend the flexibility of the PRD system, we prepared and
evaluated several ternary and quaternary compounds. Films were grown
on sapphire to check their composition with a microprobe, and on semi-
insulating (100) InP and GaAs substrates to check their degree of
epitaxy with an x-ray Read camera, and to evaluate their electrical
properties with Hall measurements. All films were grown at about 350°C.
First, we attempted to grow GaP by replacing the In in the Knudsen cell
with Ga. However, we grew InGaP. Although we had cleaned In from the
parts in the deposition chamber which directly view the Knudsen cell,
residual In located in remote parts of the deposition unit was reevapo-
rated onto substrates. Because of the significantly lower vapor pressure
of Ga, a much higher source temperature is required to attain reasonable
Ga deposition rates. Consequentlv, because we underestimated the tem-
perature of parts more remotely located from the Knudsen cell, the
residual In was also deposited onto the substrate. In the intentional
growth of GaP, the films contained a small percentage of In. Likewise,

when GaAs was grown by incorporating an AsH, source, the films contained

3
a small percentage of In. However, this source of In did not signifi-
cantly affect the composition for alloys of high In content.

First, two runs were made to lattice match InGaP to GaAs substrates.,
InP substrates were also present in an adjacent deposition position,
Using vapor pressure data of In and Ga, the appropriate 1In/Ga ratio was
determined. Corresponding charges of In and Ga were then added to the
Knudsen cell. In the first run, a 5% lattice mismatch was obtained
between the film and the CGaAs substrate. The epitaxial quality, as
determined by the x-ray Read camera, was poor. After changing the In/Ga
ratio, the second run resulted in a 0.3% lattice mismatch between the
InCaP and GaAs. The x-ray Read camera found different lattice constants
for films deposited on InP versus the GaAs substrates, possibly because
the film in this run was only 0.7 ym thick, and the substrates induced

different degrees of strain in the films., The calculated and measured
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values of the lattice constants were in reasonable agreement. The
calculated value was determined by measuring the composition by micro-
probe analysis of films prepared on sapphire substrates, and relating

that composition to lattice constants from published data.

In a single run, we attempted to grow In As on lattice

0.53%0.47
matched InP substrates. Microprobe analysis showed the group III con-
stituent of these films to contain 47% In and 53% Ga. This corresponds
to a 1.3% lattice mismatch.

A single run was also undertaken to lattice match InGaAsP on InP
substrates. Surprisingly, only a 1.9% lattice mismatch was achieved.
GaAs substrates were also included in this run. A 1.97 lattice mis-
match was also achieved on the GaAs substrates. These lattice-matching
studies are summarized in Table 4.

Hall measurements were made on these films, and are included in
Table 4. All films were n-type. In the InGaP studies both the In/Ga
ratio and the lattice constant of the substrate (i.e., InP or GaAs) were
varied, offering a wider range of lattice matching. Electrical measure-
ments of films showing good crystalline quality by x-ray Read analysis
resulted in higher mobilities (i.e., H > 1,000 cm2/Vsec), whereas films
containing polycrystalline components resulted in lower mobilities
(i.e., Un < 400 cmz/Vsec). The higher mobilities may have been
limited by intrinsic defects introduced by the lattice mismatch.

Within the limits of the x-ray Read camera, x-ray analysis showed
the quality of the higher mobility films to be comparable to that of the
substrates. Although the lattice mismatch was the same for InGaAsP on
GaAs and InP films, the mobility of the film deposited onto GaAs was
higher. The reason for this is not known. However, the composition of
the InGaAsP films was much closer to GaAs than to InP.

In summary, correlations between lattice mismatch and mobility were
found. However, considering the limited extent of the study and

possibility of impurity contamination, we are reluctant to interpret




the mobility data in more detail. We conclude that it is easy to lattice
match ternary and quaternary III-V compounds on appropriate substrates to
within 1% by PRD. With further refirements, and elimination of residual
. In in the deposition chamber, it is not unrealistic to expect to lattice

match these films to within 0.1%.
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SECTION 4 -

GaAs BY LPMOCVD i

A. EXPERIMENTAL RESULTS

Of the 10 runs undertaken, 5 were made on sapphire substrates to
establish growth conditions. Epitaxial films were deposited on semi-
insulating (100) GaAs in the last five runs. 1In the first two runs
on GaAs substrates, films were grown near the three-phase region,
which consists of GaAs vapor coexisting with GaAs and Ga. In several J
preliminarv runs on sapphire, GaAs was grown with large excesses of Ga.
The AsH., to TMGa flow rate ratio (F

3 AsH,/FTMGa
’ to about 0.9, (For convenience, we shall refer to these growth condi-

) was slightly increased

tions as a flow rate ratio of one.) Films were then prepared at a

F F of 3.7. For convenience, we refer to growth at these
ash,/ F1Mca ( ’ &

conditions, as a flow rate ratio of four.) The crystal perfection of

the films was examined by selective area electron diffraction (SAD),

scanning electron microscope (SEM), x-ray Read, and x-ray topographs.
The thickness of the layers were determined by SEM, staining cleaved
sections, and sputter ion mass spectrometry (SIMS). The electrical
properties were surveyed with hot probe and Hall measurements. The
impurity content of the films was examined by SIMS. The extent of
the evaluation of GaAs thin films prepared in each run are summarized

L in Table 5.

1. Crystal Perfection and Morphology

For the runs at FASH /FTMGa of one, a hillock formed near the

center of the wafer wheré impingement of the gases occurred. Staining

showed the hillocks to be about 30 um thick. The top surfaces were

about 6 pm thick near the hillock, tapering to about 3 um at the edges.

Coverage also occurred on the bottom of the wafers because of a slight

bow in the pedestal.
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Staining showed films on the bottom of the wafers to be about 2 pm thick.

SIMS showed the films at the peripheral at the top and backside of the !

wafers to be about 3 um thick. (In the following discussion refer to
Figure 8 to determine positions on the wafer where the thin film was
depusited.) Edgewise SEM pictures (Figure 17) of the cleaved struc-
ture showed the films to be about 50 ym and 5 pm thick at Positions 1
and 4, respectively, Films prepared at FASH /FTMCH of four did not
contain hillocks, and were about 3 pum thick.” SIMS results confirmed
these thicknesses,

Scanning electron microscope pictures showed a wide range of
surface features. Figure 18 shows SEM photographs of the GaAs
thin film at different positions on the substrate in Figure 8. Within
the hillock, and presumably in the direct stream of the gases
(Position 0), a crusty GaAs deposit decorated with free GCa and black

deposits, probably carbon, was found. The presence of Ga confirmed

that growth occurred at the three phase boundary. The quality of
the films improved at increasing distances away from the direct flow
of the gases. At Position 1, the SEM shows only the crusty GaAs
laver. Faceting is evident at Position 2. At Position 3, the onset
of smooth layer growth was found. At Position 4, surfaces free from
defects at magnifications up to 100,000x wer2 found. The backside of
the wafer from Run 2 was also examined. The quality of the layer was
most tvpical of Position 4.

Films prepared at a F /F of four were faceted. In contrast

AsH.” TMGa

to the highly reflecting sur%aces obtained at a FAsH /FTMGa of one,

these layers were characterized by bands having altefnate highly
reflecting and moderately reflecting surfaces. The width of these
band.. hout 8 mm. Figure 19 shows typical SEM patterns of
highly reti ing (top) and moderately reflecting (bottom) regions.
The smoothest regions in the three runs at a F /F of four

AsH., TMGa
were rougher than the smoothest region for the samples prepared at
¥ AsH 3/ F'I‘M(‘.;l

, where higher TMGa flow rates were used. This is not

61




Figure 17, SEM edpe view of GaAs film on
cleaved (100) GaAs substrate,
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104291

Figure 19. SEM picture of epitaxial GaAs exhibit-
ing a dull luster (top) and no luster -
(bottom) as viewed by the unaided eye, . i




understood, but might be associated with differences in the
crystallographic orientation, or the value of FASH /FTMGa used.
The orientation of wafers used in these studies is”(100). A slight
unintentional orientation toward (110) in the initial runs could have
improved the morphology. It is possible that growth with excess Ga
could result in a form of solvent growth with different surface
kinetics.

A survey of all the films with SAD indicated single-crystal epitaxy.
Except at the hillocks, SAD showed uniform channeling patterns.
Figure 20 shows electron channeling pictures of (top) the GaAs epitaxy
prepared by LMOCVD, and (bottom) a semi-insulating GaAs wafer similar
to one used as the substrate. No difference was apparent between
the epitaxy and the substrate material. Also, there was no difference
in channeling patterns across a wafer, among the five wafers, or
between the wafers and substrates. Although the channeling pattern
is not a precise tool for evaluating the quality of the layers, it
did show that except for the hillocks, epitaxy nad been achieved over
the entire wafer and that an amorphous layer of significant thickness
was not present,

X-ray Read pictures of regions characteristic of Position 2
showed both spots and rings, characteristic of both single-crystal and
polycrystalline materials. X-ray Read pictures (Figure 21) at
Position 4 and the bottom of the wafer showed only spots characteristic
of single crystalline material. Even though faceting was present,
/F of four show

AsH TMGa
spots characteristic of single-crystal material. In an x-ray topograph

x-ray Read pictures of films prepared as F

of this material no defects were visible.

2. Electrical Properties

Van der Pauw measurements were made on 10 samples. At least two

samples were measured from each of the four runs. These samples were
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Figure 20,

Electron diffraction chan-
neling picture for 20 keV
electrons in (top) epitaxial
GaAs prepared by LPMOCVD

and (bottom) semi-insulating
(100) GaAs substrates,
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1 characteristic of positions on the wafer having the best crystal

perfection, and as little faceting as possible. Electrical data were

plotted in two ways. First the hole concentration was plotted versus
: i i 2 represents the average hole concentration
. FAsH3/FTMGa' Data in Figure 2 P g
for FA%H /F at one and four. For the work of Seki et al. we have

included thmiirves, each of these curves representing growth using a
different metal organic source, and presumably a different concentration
of residual impurities. The three phase boundary in this figure refers
to our work. Because of differences between reactors it is not clear
how far away from the three phase boundary the work of Seki et al. was j
undertaken. The room temperature hole mobility was also plotted, versus
the hole concentration (Figure 23). Our data points represent the
' highest mobility for each of the four runs. Other p-type data from
LPMOCVD were not available, so MBE data were used for a comparison.
Solid and open data points are characteristic of intentionally and

unintentionally doped material, respectively. The solid line is the

envelope of the highest mobilities prepared by vacuum technologies. The

-

‘ extrapolation of a mobility of 450 cm2/Vsec at a hole concentration of
o 1014 cm™3 represents the best p-type material in GaAs,

Figure 24 and Figure 25 show respectively the hole concentration and
mobility as a function of temperature for the highest mobility sample at

of four. There results were obtained from a Van der Pauw

FAsH3/FTMGa
sample 7 mm on a square (dashed curve). The sample was then slotted to

. form a cloverleaf (solid curve). The total concentration of electrically

active centers, N, + ND’ from the cloverleaf sample is 2,4 x 1016 cm=3,

N A i
“a There is reasonable uniformity across the sample. If we compare the
}4 square sample with the cloverleaf sample there is little difference in
o the shape of the mobility and concentration curves. The electrical o
'.3 ‘?
.y measurements sample areas of 40 mm? and 10 mm? for the square and !

! 3
4 cloverleaf samples, respectively, * g 1
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3. Impurity Analyses

SIMS profiles were taken of layers prepared at flow rate ratios of
both one and four. Profiles were taken with a Cameca IMS~3f micro-
analyzer (Charles Evans and Associates, San Mateo, California). Samples
were sputtered using Cs+ ion bombardment, while monitoring negative
secondary ions. In Figures 26 through 29, samples were sputtered at
40 X/sec. In Figures 30 and 31, samples were sputtered at 115 x/sec.
Profiles are displayed in terms of ion intensity only. Conversion of
ion intensity in counts/second to concentration is accomplished with

the following equation:

lon Intensity x Sensitivity Factor . 1
4.8 x 107 (counts/sec) (1)

Concentration (atoms/cm™) =

Sensitivity factors for different impurities are listed in Table 6.

Figure 26 is a SIMS analysis of the substrate, and probably represents
3
background contamination from the SIMS system, especially for 160, 20,
IZ =
ASH3/FTMGa

1. Figure 27 represents data taken in Run 1, Figures 28 and 29 repres-

€, and 1H. Figures 27, 28 and 29 represent data taken at F

ent data taken in Run 2 at different positions on the same sample, The

peaks at about 3 um represent the interface between the layer and the
substrate. Charles Evans and Associates relate these peaks to differ-
ences in the sputtering rates at the interface, and not to spikes in
the impurity profiles. Profiles for the two positions on the same
sample, and for the second sample show similar distributions for most
of the elements. In Figure 27 the lH distribution falls off rapidly
from the surface. This is probably an instrumental effect, and not
characteristic of the sample. The carbon distribution is uniform and
well above background. From Equation 1, the carbon concentration is

about 2 x 1019 cm—3. The oxygen profiles vary. In Figure 27 there

is no oxygen above the background level of 1018 cm_3. In Figure 28
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Table 6. Approximate Concentrations of Carbon
and Oxygen in GaAs Film as Determined by
SIMS Measurements

Impurity Concentrations
Element Sensitivity | Background, (Atoms/cm™)
Factor (Atoms/cm?) F /F -1 |F /F .
AsH3 TMGa AsH3 TMGa
12¢ 5.5~ 102% | 2« 10" |15+ 10"° 1017 to 5 x 10'8 j
H
2 7 i
164 1o« 1020 | 1«10 {5« 10704 <1018 10! o 10'8
2851(28N2) 4.6 x 1021 5 % 1015 - -
324 (3202) 1.3« 102 | 2« 107 - - |
80g, 7.8 x 1020 | ~10" - - !
1}OTe 1.5 ~ 102l QIOIA - —
Theo B 3 B B
. B _ 3 B
63Cu - — - -
C S
C
- 1. .
P
i
4
;
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L there is about 3 x 1018cm-3 oxygen at the surface. The oxygen content
decreases to near background at the interface. The 328 profiles are
similar to the 160 profiles, and most likely are 32O. There are
differences in the 160 profiles between the two positions in the same
sample. This is surprising, considering that the separation between

s these two positions 1s only a few mm apart, and that the carbon

distribution is uniform. SIMS data correspond to about 1016 c:m—3 Si.

This signal is most likely caused by N Concentrations of other

9°
impurities significantly above background were not apparent. Figures 30

AsH /FTMGa
case, the peak in the carbon distribution™is real and represents a high i

and 31 correspond to data taken at a F of four. 1In this

concentration of carbon at the interface. SIMS and Hall data were
taken on the same samples to make the correlation between electrical

’ properties and impurity content more valid.

B. DISCUSSION

High concentrations of carbon and oxygen are present in our films

and are common in unintentionally doped GaAs films prepared by MOCVD.

~

Figure 32 shows a plot of the carbon and oxygen content of films pre-

pared by MOCVD techniques27’32’33 versus N +N The high purity VPE

A D"

work of Wolfe et a1.37 is included for comparison. Where NA+ND was not

available it was estimated from mobility data.38 The type of the material,

either n or p, is indicated above the set of each data. 1t is common for
a large fraction of these impurities to be electrically neutral. If all
the impurities were active, then the data would 1like close to the solid
~ line which represents a one to one correspondence between electrical

activity and impurity content. A smooth dashed line is drawn through the

‘; j carbon data points. The carhbon content increases with NA+ND, and appears
’:j . to saturate at about 1019 cm_3, the assumed solubility limit.

'1 Because the carbon concentration is generally higher than the oxygen
: 1 concentration, it should be the component which dominates the defect

'_{ chemistry., Ln the higher purity GaAs the carbon content is significantly
A
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higher than NA+ND. This is due in part to the uniqueness of the GaAs34
lattice. GaAs is highly covalent, and the tetrahedral covalent radii

of Ga and As are identical. Because the sublattices are nearly equiva-
lent carbon has little preference for substituting on either Ga sites
(CGa) or As sites (CAs)° When one of the carbon atoms is iniorporated

on one of the sublattices as a charged defect, for example CGa as a

donor on the Ga sublattice, an additional carbon atom is attracted to the
As sublattice as an oppositely charged acceptor C;S to form the neutral

Ga’ CAS)' (CGa’

because CGa and CAS are oppositely charged, their sites are nearly equiva-

lent, and they are nearest neighbors.

center (C CAS) should be present in high concentrations

The carbon concentration is generally up to a factor of ten larger ;

27,32,33,37 Near the stoichiometric com~

than the oxygen concentration.
position in our material, it is about a factor of three larger. A

fraction of the carbon on As sites compensates oxygen, which is presumed

to also occupy As sites as donors and form neutral complexes. An even
smaller fraction of carbon and oxygen atoms will form isolated electri-
cally active defects. The concentrations of various native defects make
small adjustments to further reduce the concentration of isolated elec-
trically active impurities, The predominant native defects assumed here
are the isolated defects, Ga on an As site (GaAS) and As on Ga site (AsGa)’

and the anitstructure complex (Ga As,, ). Up to 5 x 1019 cm..3 anti-

34,35, 36 As® " Ga

structure defects have been tentatively identified in GaAs.

As a result of these interactions NA+ND will be less than the total
carbon and oxygen concentrations. Also small decreases in the impurity
content result in large decreases in NA+ND. As the impurity concentra-
tion decreases the concentrations of r :utral complexes and isolated
carbon and oxygen atoms also dec~-a. s the concentrations of isolated
carbon and oxygen atoms appro- che € .. librium concentration of native
defects, the native defects are more readily able to precisely compensate
a greater fraction of the isolated impurity atoms. Because of the forma-
tion of neutral complexes, 1t is not clear as to the nature of the domi-

nant residual acceptor or donor in GaAs. From Hall measurements on our

p-type material prepared at a FASH3/FTMG3 of four (Figure 24) we measured
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an activation energy of 0.021 eV. This value is similar to that found
in unintentionally doped p-type material and has been associated with
carbon.

At large deviations from stoichiometry NA+ND is much larger than
the impurity concentration. Under these conditions most of our carbon
is probably electrically active and is located on As sites. The isolated
antisite defect is the majority native defect and dominates the electri-
cal properties. Our concentration of antisite defects and holes are
about 1020 cm—3 and much larger than normally considered. Higher con-
centration of native defects are more likely than usual if (1) we
consider the antisite defect with its lower energy of formation rather
than the vacancy as the majority native defect, and (2) our growth
process is kinetically limited resulting in a concentration of native
defects which is significantly higher than expected at thermodynamic

equilibrium. In support of our high hole concentrations, Metze et a1.29

reported hole concentrations of 3 x 1019 cm—3 with corresponding
mobilities of 10 cmZ/Vsec (Figure 23). They also reported hole concen-
trations of up to 3 x 1020 cm_3. However, mobilities were not reported
for the higher hole concentration and are presumed not to be higher
than 10 cmz/Vsec. Subsequent to the completion of our experimental work,
Ploog et al.31 reported mobilities of about 50 cm2/Vsec for Be-doped
material having a hole concentration of 5 x 1019 cm—3. The data of
Ploog et al. fall near the envelope of high mobility material and lend
support to our data. Qur crystal perfection is remarkable for such
high hole concentrations. Both our films and the films prepared bv
Metze et al. showed single-crystal channeling patterns when examined
by SAD. X-ray Read pictures of our layers generally were composed of
rings (polycrystalline material) and spots (single-crystal material).
The latter feature may be primarily from the substrate. However,
selected regions of our highly degenerate material showed only spots.
In Figure 32 NA+ND increases with the availability of carbon.
This behavior is consistent with the amphoteric impurity share mode127
in which the amphoteric impurities are shared between Ga and As sites,

and their concentration is proportional to the concentration of
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available vacancies. In our electrical data and the one atmosphere

. 27 , ,
MOCVD work of Seki et al. (Figure 22) the carrier concentration INA-ND'
increases with deviation from the stoichiometric composition. However,
there is not a one to one correspondence between the impurity content

and either lNA—NDI or N +ND because near the stoichiometric composition

A
a large fraction of the carbon is electrically inactive, and at extreme
deviations trom stoichiometry native defects dominate the electrical
activity. To decrease NA+ND and improve the “purity" it is important
to reduce the impurity content. However, the final NA+ND and "purity"
is more dependent on how impurities are incorporated and their relative

concentrations.
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SECTION 5

SUMMARY AND FUTURE WORK

In this prugram we initiated novel vacuum growth techniques

. which we hope will lead to the preparation of thin films of InP for
higher performance microwave and millimeter-wave devices. We developed
the PRD process and with it prepared films with room temperature
electron mobilities (Table 7} higher than reported by all MBE groups.

We believe the superior transport properties of our films were a

. result of growth in a reactive atmosphere. This concept was recently
reinforced in the preparation of GaAs by Calawal4. Using AsH, as the
source of As, GaAs was prepared with mobilities higher than other ]
MBE groups. We also constructed a LPMOCVD system with the intent of
preparing InP. Although we did not prepare InP, we did prepare GaAs.

t The "purity" (i.e., NA + ND) of our films prepared by PRD must be
improved by about a factor of ten before material is suitable for high
speed devices. The transport properties of our InP films are probably

) limited by the presence of C and 0. Mass spectrographic analyses of
our tilms for C and O showed a concentration of less than 1017 cm"3
The residual gas analyzer indicated our graphite crucible to be the
source of CO. To improve the purity of IaP films prepared by PRD
it is important to modify our source and introduce a getter for C and 0.
The vapor phase epitaxial (VPE) halide process operating at one
atmosphere is the established and leading method of preparing
. high-purity TnP thin films for microwave and millimeter-wave devices.
S The superior films prepared by the VPE halide process (see Table 7) is
probably due to the abilitv of the halides to suppress C and O incorpor-
ation and purify In via halide transport. To achieve higher purity bv

vacuum processing it is necessary to incorporate halide chemistry.
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Table 7. Highest Electron Room Temperature Mobility of InP
Epitaxial Layers Prepared by Various Techniques

Mobility,
Method Cm“/Vsec
In/PCl_H_. CVD 6,060%
372
LPE 4,880"
Metal-organic CVD
lL.ow Pressure 4»,300C
One Atmosphere 3,540d
PRD 4,062°
MBE 3,500"

AR.D., Fairman, M. Omori, and F.B. Frank, 1977 "Gallium
Arsenide and Related Compounds,' Inst. Phys. Conf. Serv. 33b,
p. 45

h(l.}{.(I. Wood, R.J. Tree, and D.H. Paxman, Electron. lLett.8,
171 (1972).

“.p. Duchiomin, M. Bonnet, G. Beuchet, and F. Koelsch,
"Gads and Related Compounds,” 1978 Inst. Phys. Cont.
Ser., 45, p. 10.

M. Tsai and R. Bube, J. Appl. Phys. 49, 3397 (1978)

K. Zaniv, 1.. Fraas, F. Krajenbrink, and L. Hershenson,
21 st Flectronic Materials Conference, Boulder, Colorado,
June 27-29, p. 16 of Abstracts.
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The PRD and hybrid MBE processes are more promising approaches than
LPMOCVD to prepare high purity InP films. There are several disadvan-
tages of growing InP films by LPMOCVD. First the metal organic is a
source of carbon. There is also a tendency for unwanted intermediate
reactions to act as additional potential sources of carbon. Secondly,
sources of high purity metal organic i1nlium are not routinely available,
Purity is more important in the preparation of InP than in the prepara-
tion of GaAs because the impurities tend to remain isolated and ele--
trically active rather than form neutral complexes, Because of signi-
ficant differences between the tetrahedral covalent radii of In and P,
and because InP is more ionic than GaAs, the majority native defect is
the phosphorous vacancy, a donor. Amphoteric impurities will not
readily form neutral complexes. Instead, the Group IV atoms become
incorporated on the In sublattice also as donors, This has the advan-
tage that the solubility of Group 1V atoms is not enhanced through neu-
tral complex formation. Hence, we found C and O in concentrations of
the order of 1017 cm—3 in our InP as compared to 10]8 vm_3 for GaAs.
However, there is a disadvantage when the neutral complex is not
formed. The disadvantage is that most of the impurity atoms including
€ and Si are isolated and electrically active resulting in a high
NA + N ano N - N

D D A°
fore, in the preparation of InP as compared to GaAs, it is more impor-

The disadvantage outweighs the advantage. There-

tant to avoid the presence of carbon., Therefore it is more promising
to incorporate halide chemistry rather than metal organic chemistry in

the growth of thin films of InP by vacuum technologies.
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( PUBLICATIONS, PATENTS, AND PRESENTATIONS

| The following publications, patents, and presentations either
resulted from this contract or were related to this contract during its
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ists Conference 886 (1978). (Appendix C).
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in Polycrystalline Semiconductor Thin Films," book chapter in Pro-

( perties of Polycrystalline and Amorphous Thin Films and Devices
edited by L. Kazmerski, Academic Press, p. 153 1979 (Appendix D).

K. Zanio, "Analysis of p-type GaAs Prepared by Low Pressure Metal
Organic Chemical Vapor Deposition,” to be published in Journal of
Crystal Growth (Appendix E).

Patents

Kenneth Zanio and Lewis Fraas, U.S. Patent No, 4,108,684 'Large
Grain Thin Film Polycrystalline p-InP/n-CdS Solar Cells."

Lewis Fraas, Kenneth Zanio, and Ronald Knechtli, U.S. Patent
No. 4,17,235 "Process for Fabricating Heterojunction Structure
Using a Double Chamber Vacuum Deposition System,"

'§ Presentations

L. Fraas and K. Zanio, "InP on CdS Thin Film Solar Cells," presented
at 19th Electronic Materials Conference, Ithaca, NY, Cornell
University, June 29 - July 1, 1977,

L.M. Fraas and K. Zanio, Invited Paper "Semiconductor Thin Films
Prepared by Low Pressure Reactive Deposition Process," presented at
American Vacuum Society, 1lth Annual Symposium of the Southern
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InP-on~CdS Thin Film Heterostructures

L. Fraas and K. Zanio

Hughes Research Laboratories

3011 Malibu Canyon Road

Malibu, CA 90265
(Received August 10, 1977)

Thin films of InP were deposited on single crvstals and
thin films of CdS by the planar reactive deposition tech-
nique. Good local epitaxy was observed on single crystals
of CdS as well as InP and Gaas. The electrical evaluation
of unintentionally doped films on semi-insulating InP sub-
strates show them to be n-type with room temperature
electron concentrations ranging from 5 x 1016 em™3 to
. 5 x 1017 ¢m™3 and mobilities up to 1350 cm?/Vsec. For
. films intentionally doped with Mn and Be, p-tvpe films
N were obtained. For Mn doping (deep acceptcr level), room
. temperature mobilities as high as 140 cml/Vsec and free
carrier concentrations as low as 5 x 1016 cm™3 (with
dopant level of 3 x 1018 cm'3) were obtained. For Be- 1
i doped films, free carrier concentrations of about 5 x 1018
! cm~3 and mobilities of 20 cm2/Vsec were found. Scanning
1 electron microscope and microprobe pictures show apprec-
'1 iable interdiffusion between the InP/CdS thin-film pair
L]
3

. for InP deposited at 450°C. The loss of Cd from the CdS
and the presence of an indium-cadmium-sulfur phase at the
InP/CdS interface were observed. Interdiffusion is allev-
iated for InP deposition at lower temperatures.

*
Supported in part by ERDA and AFOSR.
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Kev Words: Heterostructures, planar reactive deposition,
indium phosphide, cadmium sulfide.

Introduction

The InP/CdS heterojunction solar cell has been in-
vestigated by several workers. (1-6) Cells fabricated by
depositing CdS thin films on InP single-crystal substrates
have shown efficiencies as high as 15% at Air Mass 2.(1-3)
However, the commercial viabilitv of this cell for terres-~
trial applications hinges on the fabrication of an all-
thin-film cell. This follows not only because of the high
cost of growing single crystzals, but also becayse indium
is a relatively rare element. In fact, Hovel indicates
*Lat indium is so rare that an InP film thickness of only
2 um is allowable if the InP/CdS cell without concentra-
tion were to be relied upon to supply 37 of the present LS
electrical energy need. Since large InP crystallites are
desirable for high-efficiencv cells and since, in general,
the crystal grain size in a film on an amorphous substrate
is no larger than the film thickness, the thin-film InP/
CdS solar cell structure of Fiwgure 1 appears desirable.
Basically, the idea is to deposit the InP film on a CdS
film; this CdS film will be relatively thick and aave
grains with dimensions of about 10 .m. If the InP crain
structure can be made to replicate that of the CdS film
and the InP film is about 1 .m thick, the lateral dimens-
lons can be large compared to the InP film thickness.
Since a method for producing large grain size CdS films by
recrystallization has been described in the literature,(a)
the successful fabrication of a high-efficiency all-thin-
film InP/CdS cell of the type in Figure 1 will hinge on
the answers to four basic questions: (1) Can a p~type
InP film be deposited at temperatures high enough so that
local epitaxy will occur but yet low enough so that the
CdS film does not decompo.e? Would the electrical proper-
ties in the grains then be adequate for good cell per-
formance? (2) Since the thin-film structure contains
grain boundaries in the InP layer, what are the effects of
these grain boundaries and how can they be controlled?

(3) Since the recrystallized CdS film will have wurtzite-
type crystals of varying orientations,(g) how will the
heterojunction properties vary with crystal orientation?
(4) Can the InP film be contacted with an ohmic contact
without shorting to the CdS film?
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CONTACT
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ITO CONTACT —
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RECRYSTALLIZED Cds

CdS/iTO/GLASS

Figure 1. Schematic of a quasi-single-crystal InP/CdS
all-thin-film solar cell. The insert at

. the lower left is a crossed polarizer photo-

h graph of recrystallized CdS on glass. In
order to fabricate a good solar cell, one
must (1) maximize the light generated cur-~

> rent, (2) minimize diode leakage current,

. and (3) minimize thin film sheet

resistance.
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In this paper we present data relevant to problem
areas 1 and 2. With regard toqgroblem area 3, we simply
note that Yoshikawa and sakai{?) and Shay et al. v 3)
report high-efficiency cells prepared by the epitaxial de-
position of CdS on (100) and (110) as well as (111)
oriented substrates. With regard to problem area 4, we
note that alcthough the contact to InP is a problem for
fabricating a CdS-on-InP thin-film cell, (4:3+6) the
problem is reduced for the cell in Figure 1 because a
larger number of contacting options are available at the
last processing step. In the next section, we consider
low-temperature growth of semiconductor-quality InP thin
films (problem No. 1).

The Structure and Electrical Properties of InP
Thin Films Deposited by Planar Reactive Deposition

The deposition of InP films on CdS requires a low
temperature process ( <400°C) to prevent decomposing the
CdS. Molecular beam epitaxy (MBE) is such a process. Un-
fortunately, the MBE process is not scalable to the volumes
required for commercial solar-cell applications. Chemical
vapor deposition (CVD) processes are commerciallv viable.
In an earlier publication,{(1l) we described a planar
reactive deposition (PRD) process which potentially allows
both low~temperature processing and scalability for film
depositions over large substrate areas. The PRD process is
a hybrid between MBE and CVD. Figure 2 shows a top view of
the basic vacuum chamber used for the PRD technique. A
substrate plate rides on the three bearings (not shown).
Below the plate are two PRD deposition units which permit
the deposition of films of different composition. A cross
section through one of the two PRD positions is shown in
Figure 3. The substrates, mounted above the source cavity,
and the source cavity itself are enclosed by a liquid-
nitrogen-cooled shroud. This effectively forms an inner
CVD-type growth chamber. 1InP films are deposited by evap-
orating indium metal from an indium source cavity into
which a PH3-H, gas mixture is introduced. The PH3 gas
decomposes in the indium source cavity, and indium vapor,
P2 vapor, and Hy gas are emitted, providing molecular beams
incident on the substrates. , The vapor pressure of the ind-
ium controls the film growth rate and is determined by the
source temperature. Residual gases are exhausted at the
pump port by a turbomolecular pump. Stoichiometric films
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Figure 2. Schematic top view of the vacuum chamber
in the PRD system.

are produced by adjusting the PH3-Hy gas inlet needle valve
to allow an excess of Py vapor in the inner growth chamber.
The heat shield in the chamber serves the additional func-
tion of confining the phosphorous vapor within the growth
chamber. This reduces phosphorous film buildup in the
vacuum chamber to well below that found in the MBE process,

- The phosphorous vapor which does escape is collected by the
LN shroud.

We have applied the PRD process to the growth of epi-
taxial InP films on InP, CdS, and GaAs single-crystal sub-
strates. Figure 4 shows SEM photographs of InP epitaxial
films on (100)-oriented InP and GaAs single-crystal sub-
strates. These films were grown at 425°C. Figure 5 shows
SEM photographs of an InP epitaxial film grown at 350°C on
the Cd face of an (000l)-oriented CdS single-crystal
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Figure 3. sideview of 4 PRD deposition unit.

substrate. Growth procedures and substrate preparation

. are described briefly below.

All single-crvstal samples were mounted on molvbdenum
blocks with indium solder, then polished and processed
completely on these blocks. The InP and GaAs samples were
polished and etched in Er methanol as described bv McFee
et al. (10 The CdS samples were handled substantially as
we described in an earlier publication. However, they
were heavily etched in a hot (859C) 1:5 HCl:H20 solution
for 7 min just prior to loading. This procedure elimi-
nated the mechanical polishing damage encountered in our
earlier work. It produced samples with locally flat
facets (=100 um) but with an orange-peel appearance. The
deposition procedure was substantially the same for the
InP and the CdS samples, differing onlv in the substrate
temperature and thermal cleaning procedure. We will
describe the process used for the InP substrates because
most of the electrical data relates to these substrates.
After loading the samples onto the rotary substrate plate,




InP-on-CdS Thin Film Heterostructures

10 .
tnP EPITAXY ON
(100) InP

f

il 0.

inP EPITAXY ON
{100} GaAs

Fipure 4.
scanning electron microscope pictures
of InP epitaxially deposited onto

(100) inP and Gads,




AD=A099 993

UNCLASSIFIED

HUGHES RESEARCH LABS MALIBU CA F/6 20/12 N :

INP BY PLANAR REACTIVE DEPOSITION AND GAAS BY LOW PRESSURE META==ETC(U) 1
FEB 81 K ZANIO . FUt620=76-C-0133
AFOSR=TR=81=0474 NL




218 Fraas and Zanio

Figure 5. Scanning electron microscope
pictures of InP epitaxy on
the Cd face of (0001) CdS.

the vacuum chamber is pumped down to the 10—8 Torr scale.
Then LN2 is added to the shroud. The source is turned

up to 800°C for outgassing while the substrates are being
preheated to 350°C in an adjacent position not over the
source, Then phosphine gas is introduced and the source
turned up to 850°C for final getter cleaning. After
getter cleaning for 60 min, the source is turned down to
700°C and the substrates are rotated into position above
the source. The InP substrates are then heated to 425°C
for thermal cleaning in the presence of phosphorus vapor.
The phosphorus vapor stabilizes the InP surface against
indium droplet formation 1 and allows reproducible
thermal cleaning. Finally, the source temperature is
tuned up to 8509C for film deposition. After

deposition, the source is turned down to 700°C and the
substrates are allowed to cool to 350°C before rotating
to the next deposition or turning off the phosphorus
vapor flux.

The electrical properties of InP films prepared by PRD
on Fe~doped semi-insulating InP single-crystal substrates
are summarized in Table T. VUnintentionally doped films are
n-type with carrier concentrations in the 1017 em range
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Table I. Electrical Properties and Growth Temperature
of InP Films with PRD and Reference Solar
. Cell Materials

Carrier |Mobility, Growth
Material| Dopant Type| Concentra- cm2/V-~ Temperature
tion, cm-3 sec °C
InP |Uninten-| n | 5 x 1017 1350 450
tional
{ InP Mn p | 5 x10%® 140 450
( InP Be p 5 x 1018 20 450
) si® p | 1 x 10t 600 14502
; si€ P a | 2 x 10t/ 1300 14502
: Cu,s” p | 1x10%° 10 100
aSingle crystal growth
P.F. Lindquist and R.H. Bube, J. Electrochem. Soc. 119,
93b (1972).
“Ref. 7

and with mobilities as high as 1350 cm’/Vsec. Mass
spectrographic analysis of the impurities in a thick film
~ of InP on a silicon substrate shows the predominant impur-
ity to be sulfur at 6 ppm. Low-temperature Hall measure-
ments show no carrier freeze-out down to 15 K, which is
4 consistent with the possibility of sulfur as an impurity.
Sulfur is not unexpected since CdS substrate experiments
| are undertaken in the same deposition chamber. Notably,
*.i . no molybdenum was detected in the films. This indicates
! that the possible phosphorus transport reaction with the
| molybdenum heat shields is not of concern.

, i ye have prepared p-type films by doping both with
= Mn(13 and Be. (14) Manganese doping is particularly con-
% | venient because manganese and indium have very similar
f‘ vapor pressures. Adding 3 x 1018 ¢m=3 Mn to the indium
melt produces a similar impurity content in the growing

2 InP film. Since Mn is a deep acceptor (0.25 ev),(12)

R only 5 x 1016 cm=3 holes are found at room temperature.
i The mobility (u) of the manganese-doped film is about

140 cm2/Vsec at room temperature. Beryllium doping
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allows a p+ InP layer to be prepared. Beryllium metal
placed with the indium melt (15) produces layers with

5 x 1018 cm=3 free holes. Such a layer alleviates
contact problems to the InP because most metals can
potentially form a high-conductivity tunnel junction
with p* InP.

In summary, we have shown that InP films can be
deposited epitaxially by PRD on CdS substrates at low
temperatures (350°C) and that such InP films deposited
via PRD on InP substrates can be doped with p-type dopants
as in MBE.

How good do transport properties of the reproduced
grain have to be? Relative to the silicon solar cell, the
transport properties can actually be quite poor and still
allow good carrier collection efficiencies. The reason
is that the allowable recombination center density Ny is
proportional to the square of the optical absorption coef-~
ficient u. The condition that the carriers must diffuse a
distance (L) comparable to the reciprocal of the absorption
coefficient implies:

1/+ + L . Q)

If the diffusion length is given by

5
L = DT = —_— s (2)
\/ V' Ven'r

with D, vg¢h, and J, respectively, the diffusivity, thermal
velocity, and capture cross section, and assuming D, vy,
and 0 are comparable in bothk Si and InP, then

2
Np (InP) Arpp
NGO - * 1000 . 3)
R %g4

This assumes absorption ioefficien*s of approximately

4 x 104 em~l and 103 em™ , respectively for InP(l) and
$1.(7) Assuming py = 103 c¢m2/Vsec and g = 10-15 cm~2,

Ref. 16, the allowable upper limit for Ny is 4 x 1018 ¢cm=3,
In this context, the purity of the unintentionally doped
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and Mn-doped InP films of Table I is possibly good enough
for solar cell applications. The final answer to the
question of the quality of the transport properties will
have to await actual cell fabrication.

Grain Boundary Problems Inherent in Thin-Film
Heterojunction Solar Cells

When an InP film is deposited on a CdS film at 425°C,
appreciable interdiffusion occurs. This is illustrated in
scanning electron microscope (left) and microprobe (right)
pictures of a cleaved all-thin-film InP/CdS structure (Fig-
ure 6). The upper SEM picture shows a top view of the
structure near the cleavage; the bottom view shows an edge
view of the cleavage. The microprobe data shows the compo-
sition of the top and base of the film relative to a pure
Ca3 film. The original €4S film underneath the TnP film
apparently has been converted to indium sulfide. The
deposition conditions of InP were such that a 6 im film of
InP should have formed (2 hr at 3 um/hr). Apparently, as
indium arrived on the CdS surface, the indium preferen-
tially reacted with sulfur to release cadmium, thereby
forming an indium cadmium sulfide compound. This inter-~
pretation is consistent with the fact that InS3 is quite
stable, (17,18) whereas Cd;P3 is quite volatile. (19) InP
did not form until the cadmium had been largely depleted.
This apparently occurred near the end of the deposition.

These results are important for two reasons. First,
they suggest that the properties of the possible compounds
formed by In, Cd, P, and S be investigated in more detail.
Second, they allow us to develop a hypothesis regarding
InP grain boundary passivation.

Besides InP and CdS, the compounds Cd,Pj,
CdInjySy (Ref. 20) and (CdS)3x - (In253)1_x (Ref. 18) can
be formed. The CdyPj is quite volatile even at low tem-
peratures (10~3 Torr at 250°C), it will not form during
InP/CdS heterojunction formation. The indium sulfide
compounds, on the other hand, are more stable than either
CdS or InP and require further comment. InjS3 has a
defect sphalerite structure, is n type, and has a band gap
of 2.1 eV at room temperature.(21) CdInsS; has the spinel
structure, is n type, and has a band gap of 2.3 eV. Both
the Inj54 and CdIn2S,; sulfur lattices are significantly
smaller than the sulfur lattice for CdS.
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Figure 6. Scanning electron microscope (left) and micro-
probe (right) pictures of a cleaved all-thin-
film InP/CdS structure. The upper SEM picture
shows a top view of the structure near the
cleavage: the bottom view shows an edge view of
the cleavige., Both microprobe pictures include
data taken rom the top view on the CdS film
(bars). The upper picture also shows edge
view data where the InP has been deposited
(dots). The bottom picture shows edge view
data where the CdS had been deposited.
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For the drposition of InP on CdS at reduced tempera-
tures, interdiffusion is not apparent. Figure 7 shows the
SEM edge view of a 2 um InP film deposited onto a 2 um CdS
film at about 300°C. Markers at X; and X3 correspond to
positions where, respectively, InP and CdS had been depos-
ited. The dots indicate data taken at these positions, and
the bars reflect the CdS and InP standards. In the upper
picture (X1). the dots (as expected) overlay the InP stand-
ard anu not the CdS standard. In the lower picture (X3),
the dots (as expected) overlay the CdS standard and not the
In? standard. In contrast with Figure 6, Cd is present in
stoichiometric proportions in region X3. In the region of
X1(X3) where InP(CdS) was deposited, there is some indica-
tion that CdS(InP) is present. However, it is not resolved
as to whether this is due to interdiffusion or X-ray
excitation outside of the region of the direct electron
beam. Position X; corresponds to the CdS/InP interface and,
as expected, alli four elements are observed.

As lower deposition temperatures are employed, and
when larger CdS grains are considered (recrystallized CdS),
it is 1likely that interdiffusion will be restricted to the
grain boundary region. Unquesti~nably, indium diffusion
will occur into the CdS film, producing an n* grain
boundary. However, the nature of the InP grain boundary
is upen to question.

For any elevated temperature used to form the InP/CdS
thin-film structure, an indium cadmium sulfide transition
region should be present. This is aot necessarily an
obstacle to the formation of the all-thin-~film cell, since
such a layer is obviously present in the high-efficiency
CdS-on-InP single-crystal cell prepared at 600°C. Howszver,
it is apparent that the all-thin-film cell must be pievared
at lower temperatures to minimize grain boundary
interdiffusion.

Indium diffuses into CdS and replaces the Cd. Cadmium
diffuses through the InP and teuds to volatilize at the
growing InP surface. For InP growth in the presence of
excess P, we hypothesize that sulfur will determine the
InP grain boundary properties. 1f an In2S3 phase actually
forms (high-angle grain boundary), the grain boundary will
be n type. If sulfur diffuses along the grain boundary and
into the bulk of the InP lattice a short distance and
occupies a phosphorus lattice site, tne grain boundary will
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Figure 7.

Scanning electron microscope
picture (middle) of a cleaved
InP/CdS/Glass structure.
Microprobe analysis of the
CdS film (bottom) shows that
Cd and S dominate. The dots
refer to the actual data
whereas the bars refer to
stored standard of pure stoi-
chiometric CdS and InP.
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be n type. In a low-angle grain boundary consisting of

equal numbers of indium and phosphorus edge dislocations,(zz)
we hypothesize that sulfur can diffuse into the edge dis-
location with adjacent indium atoms., One sulfur per two
indium atoms at the edge dislocation tends to neutralize that
edge dislocation. The un-neutralized phosphorus-type dis-
location then contributes electrons, and the grain

boundary again will be n type.

Figure 8(a) describes, then, the predicted InP/CdS
thin-film electrical structure after InP deposition and
before contact formation. Unfortunately, the n-type
grain boundary in the p-type InP film is a potential short.
If not catastrophic, grain boundary leakage can degrade the
open circuit voltage. The problem then is how to passivate
the grain boundary. Basically, the answer lies in counter-
diffusion from the InP contact. For example, if we assume
that a second In3S3 phase does not form at the grain bound-
ary, then a deep acceptor for bulk InP can compensate
sulfur at the grain boundary, producing a semi-insulating
grain boundary (Figure 8(b)). The final answer lies in
device fabrication experiments.

Summarv

Using PRD we have demonstrated the epitaxy of InP on
CdS single crystals and have obtained p-tvpe InP by in-
tentionally doping with Mn and Be. We have evidence that
an intermediate phase of indium cadmium sulfide can form
between CdS and InP at higher temperatures. Finally, we
have discussed the potential effects of interdiffusion at
grain boundaries. An increased understanding of chemical
impurity effects at grain boundaries may lead to methods
of grain boundary passivation.
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Deposition of Ge epitaxial layers on Ge and GaAs substrates

by vacuum pyrolysis

Kenneth Zanio, Lewis Fraas, and Frans Krajenbrink

Hughes Research Laboratories, 3011 Malibu Canyon Road. Malibu. California 90265

(Received 23 August 1977; accepted | November 1977)

PACS numbers: 68.55. +b, 81.15.Gh

I. INTRODUCTION

C. E. Backus et al.! have noted that if a Ge cell and a GaAs
cell are operated in tandem opticallv, the combined energy
conversion efficiency can be as high as 33% without solar
concentration. They also project that if these two cells are
operated in combination with sunlight concentrated to 1000
suns (e.g., a power tower application), the limiting conversion
efficiency will be 43%. These high conversion efficiencies
have motivated us to study the epitaxial growth of Ge on GaAs
and Ge substrates. Hopefully, these studies will lead to the
fabrication of a Ge solar cell on the backside of a GaAs solar
cell wafer. Fabricating such a device would require a Ge
deposition process capable of producing semiconductor-
quality Ge films at low temperatures and over large substrate
areas.

Semiconductur-quality Ge layers have been epitaxially
deposited on GaAs and Ge by the dihalide disproportionation
reaction.? liquid epitaxy,? vacuum deposition.** and the
decomposition of germane.”® Hvdrogen reduction of tetra-
chloride has also been used to deposit Ge on GaAs ¥ In the
present studv, Ce was epitaxially deposited onto Ge and GaAs
substrates by the decomposition of germane. However. instead

of using a dilute germane in hvdrogen mixture at 1 atm total
pressure. germane was pumped through a decomposition
chamber at low pressures bv a turbomolecular pump.

Il. THE DEPOSITION SYSTEM

A schematic of the deposition svstem used for the studies
reported here is shown in Fig. 1ia). A decomposition chamber
is contained within a vacuum chamber and germane is ad-
mitted into the decomposition chamber from an inlet located
at the bottom of the chamber. Epitaxial growth occurs as the
germane decomposes on the radiantly heated substrates. The
residual Hs and the unreacted GeH, are pumped out by the
turbomolecular pump

In the experimental svitem used. the decomposition
chamber consisted of a quartz cup 7.5 cm in diameter and 10
cm in length with a 1-cm-diam gas inlet tube at the botton.
The top of this quartz cup was tlared slightlv and rested ap-
proximately 0.5 cm below the rotarv plate. The turbopump
was connected to an 15-1i. (44 7 cm) stainless-steel chamber
via a 6-in.-diam (13.2 cm) pump port.

The loading procedure is initiated by raising the top lid.
Heuter assemblies are mounted on the top lid and tilt up when
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loaded, they were given a light etch in methanol bromine and
then spun dry. A 5.0-cm-diam, 1.5-mm-thick wafer of in-
trinsic high-purity Ge was obtained from John Ewins of the
University of California, Lawrence Livermore Laboratory.
Samples 1 X 1 em were diced from this wafer and then
lapped, etched in CP4, rinsed. and blown dry. After loading,
the vacuum chamber was pumped down to 5 X 1075 Torr (6.6
X 1076 Pa). Before the deposition, the samples were given a
thermal etch at approximately 550°C. For a substrate tem-
perature of 525°C and a decomposition chamber pressure of
about 5 X 1073 Torr (6.6 X 10™! Pa), (corresponding to a gas
flow rate of 12 cm3/min at STP) the growth rate was 2.0
um/h. Although epitaxy was achieved on both types of sub-
strates, a smoother surface was obtained for Ge (Fig. 2). The
deposition on GaAs was more faceted and illustrates the
four-fold symmetry of the substrate.

Hall-effect measurements were made on layers deposited
on the Ge substrates. Separate measurements on the substrates
showed them to be n-type above 225 K (resulting from in-
trinsic conduction) and p-type below 150 K (resulting from
a shallow level at a concentration of 6 X 10'® cm~3). At room
temperature, the substrate dominates the electrical properties
of the film-substrate structure and the structure is n-type.
However, just below room temperature, the substrate carrier
concentration drops markedly (Fig. 3) with the result that the
film dominates the substrate-film electrical properties be-
tween 100 and 250 K. Below 100K, the electrical properties
of the film are masked by the high mobility of holes from the
high purity substrates, and the film appears to be p type.
However, an analysis of the two-layer structure!! shows that
the film is actually n type. Raw experimental data for the

J. Vac. Scl. Technol., Vol. 15, No. 1, Jan./Feb. 1978
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] the lid is raised. After the substrates are loaded and the Digg':;%sel;w'! b
{ chamber is pumped down, a liquid nitrogen shroud (not PRE"\'EAIER | SUBSTRATE
' shown) is filled and the substrates are thermally cleaned in L _|, HEATER
e . ™ \l______‘
: a preheat position prior to deposition.
We have found that this GeH, vacuum deposition tech- | l
nique offers several advantages over other techniques. The = P T =
vacuum-pyrolysis technique has the advantage of relatively HEAT ROTARY PLATE  gBSTRATE
low substrate temperature (525°C). This avoids the potential SHIELD SHELF
. for degradation of the GaAs/GaAlAs substrate and the ROTARY FEEDTHRU I .II“ TOP PLATE a
3 probable occurrence of interdiffusion and plastic deforma- PRE-HEATER
tion!® between the layers. The possibility of vapor back- X
etching, which is present in methods that utilize halogens, is ROTARY SUBSTRATE
eliminated. A notable 'a(_ivantage over standard hyd'rogen PLATE WEATER
transport processes, which operate at | atm pressure, is that ;_‘{ X
gas impurities can be routinely monitored with a residual gas ,_-‘—J__s’u p——— ’LAT?_"—'_
analyzer. Residual gas pressures in the 107 Torr (1076 Pa) N sUPPORT /l/ I
: range should then be routinely possible. In a later section, we V\ BEARING DECOMPOSITION
. . CHAMBER
provide a more detailed contrast between the vacuum py- S
rolysis and standard chemical vapor deposition (CVD) pro- VAGUUM
cesses. When compared to vacuum-evaporation methods, the ENCLOSURE CONJ:'?VLELE"
vacuum-pyrolysis technique has the advantage that con- Y
' taminants originating from a hot Ge evaporation source are ]
eliminated. GATE VALVE TURBO
t Ill. EXPERIMENTAL RESULTS ,
— N .,
( Layers | um thick were epitaxially deposited on (100) GaAs ’ / A
and Ge substrates. T}:lf.' GaAs wafers were purchased from and Zg:::;TP:UMRPN‘é:D G.f';‘ DOPANT GAS BOTTLES
' polished by Crystal Specialties, Inc. Before these wafers were GAS BOTTLE

Fig. 1. Deposition system used in the vacuum pyrolysis technique for growing
epitaxial layers of Ge by the decomposition of GeH,.

substrate only and calculated data for the film using the
two-layer analyses are shown in Fig. 3. The free electron
concentration (top) for the films is about 5 X 106 cm~3 at the
lower temperatures. The mobility (bottom) of about 1500
cm3/V s at lower temperature is also consistent with scattering
by 10'7 cm~3 ionized impurities'? in single-crystal Ge. The
germane gas may be the source of this n-type impurity since
the gas used was only 99.99% pure (99.999% pure gas can be
purchased).

GaAs
SUBSTRATE

Ge
SUBSTRATE

Fig. 2. SEM pictures of }-um-thick films of Ge epitaxially deposited on (100)
GaAs (top) and Ge (bottomn) substrates by the vacuum pyrolysis tech-
nique.
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V. DISCUSSION

In the svstem design shown in Fig, Tvai. the highest GeH
pressure obtainable in the pyrolysis chamber was 5 um. Since
for each surface collsion there is a small probability that a
GeH, molecule will react to torm a Ge adsorbed atom, higher
pyvrolvsis-chamber pressures are desirable. This can be done
using the vacuum chamber and pvroivsis chamber design
shown in Fig 1th) In this revised design. the pyrolysis
chamber sits on top of a rotary plate The gas bleed-in line
terminates in the vacuum chamber with a flat top plate. This
plate can be adjusted to within a small distance of the rotary
plate. The hole in the bottom of the pyrolvsis chamber is ap-
proximately 2.5 ¢m in diameter, which is small in comparison
to the diameter of the pumping port. The small adjustable gap
between the gas bleed-in top plate and the rotary plate allows
a high pressure ratio to be established between the decom-
position chamber and the outer vacuum chamber.

It is interesting to contrast the vacuum pyrolysis system

described here with (1) the low-pressure CVD system 314 used
for polysilicon, in which SiH is pumped through a hot-wall
quartz reactor tube with a roughing pump, and (2) the stan-
dard 1-atm carrier gas CVD system. The key pressure pa-
rameters (i.e., system base pressure, reactant gas pressure, and
carrier gas pressure} are summarized in Table I for these three
systems. In the low-pressure CV D system, reducing the carrier
gas pressure rtelative to the pressure in the standard CVD
svstem. sigmficantly reduces production cost for low film-
purity coating requirements. The major reason for this cost
breakthrough is the very high packing density available in
low-pressure CVD systems resulting from stand-up, closely
packed wafer loading. Basically, this close-packed loading
capability results because of the small reaction probability per
collision at the gas-solid interface. Thus, the gas-phase
mass-transfer limitation on reaction rate in standard CVD
does not apply. In a low-pressure system, the deposition-
rate-limiting step is not the gas-transport step, but rather the
surface chemical reaction step.

The problem with the low-pressure CVD system when
applied to semiconductor-purity films is to assure high purity.
Oil backstreaming and the inability to monitor impurities in
the gas stream down to 1 ppm are well known disadvan-
tages.

The vacuum CVD process described here overcomes these
disadvantages. Referring to Table 1, the vacuum CVD system
operates much as the low-pressure CVD system in that the
carrier gas pressure is markedly reduced. This potentially
allows stacked wafer geometries. However, in vacuum CVD,
the turbopump reduces the residual gas pressure four orders
of magnitude below the residual gas pressure found in low-
pressure CVD.

Taste | Key pressure parameter contrasting alternative CVD
systems.
Base impurity  Reactant gas Carrier gas
System pressure (Torr) pressure (Torr) pressure (Torr)
CvD 10-? 10! 760
Low-pressure CVD 10~3 10~! 10-1
Vacuum CVD 107 101 10-!

J. Vac. Sci. Technol., Vol. 15, No. 1, Jan./Feb. 1978

V. CONCLUSION

These studies demonstrate that 1-um-thick epitaxial films
of Ge can be deposited onto both Ge and GaAs substrates at
525°C via a novel vacuum pyrolysis process. Additional
studies to determine the nature of the impurity controlling
the conductivity of the films are needed. If the vacuum py-
rolvsis technique proves capable of producing a variety of
semiconductor-quality thin films, the technique should be
capable of producing relatively large-area devices in high
volume. This feature is particularly attractive for solar cell
applications.
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DESIGN OF HIGH EFFICIENCY

MONOLITHIC STACKED

MULTIJUNCTION SOLAR CELLS

L. M. Fraas and R.

C. Kknechtli

Hughes Research Laboratories
Malibu, california 90265

ABSTRACT

An (AlGa)As-GaAs-Ge dual junction cell is an
attractive implementation of the high efficiency
stacked multijunction solar cell concept. Such
a cell can be made monolithically by depositing
GaAs and Ge layers epitaxially on the back side of
a state-of-the-~art AlGaAs/GaAs solar cell. This
provides two photo-voltaically-active junctions,
in the GaAs and in the Ge respectively. We note
that the short circuit current available to the
GaAs and to the Ge junction are nearly equal under
apace (AMO) illumination. This permits efficient
operation of both junctions in series connection.
We describe alternate means of series connecting
these two junctions. We also note that Ge layers
have been epitaxially deposited on GaAs by various
methods at relatively low temperatures, so that
the AlGaAs/GaAs cell is not expected to dzgrade
as aresult of the Ge layer growth. We briefly
describe a low~-temperature, low-pressure CVD
method by which we have deposited epitaxial layers
of Ge on GaAs substrates. We also describe a mono-
lithic three-junction solar cell structure poten-
ﬁ%:%ly capable of even higher conversion efficien-

1. INTRODUCTION

The idea of obtaining very high energy con-
version efficiencies by optically stacking solar
cells with different bandgaps is an old one. There
is, however, increasing motivation to consider
fabricating such a stack of solar cells monolithi-
cally on a single wafer. This follows for space
applications because a single wafer is lighter
than a multiple wafer stack, and for terrestrial
applications using concentrator systems, because
a single wafer is likely to be cheaper, simpler,
and more easily cooled than is a multiple wafer
stack. There are, however, major constraints on
the design and fabrication of such a high effi-
ciency monolithic stacked multijunction solar cell.
Two design constraints are, first, that the
different semiconductor materials making up the
stack be nearly lattice matched so that crystal
integrity can be maintained, and second, if the
light sensitive junctions are to be series con-
nected, that the material bandgaps be such that
the light generated current be distributed approxi-
mately equally between the multiple junctions.

A corrolary problem is that of providing the
desired series connection of the active junctions

CH1319~3/78/0000-0886500.7% © 1978
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without suffering unacceptable voltage lossies at
inactive junctions, in the stacked structures to
be considered. 1In this paper, we first describe
three monolithic multijunction solar cell struc~
tures which meet these design constraints (Section
2). We then make efficiency projections for these
cells (Section 3), and finally, we comment on cell
fabrication procedures and problems (Section 4).

2. ALTERNATIVE MULTIJUNCTION CELL STRUCTURES

The three monolithic multijunction structures
to be described herein are shown schematically in
Figure 1. In Figures 1l(a) and 1l(b), we show two
monolithic AlGaAs/GaAs/Ge dual-junction cells.
These cells differ in that they use fundamentally
different electrical contacting schemes. In
Figure 1(c), we show a monolithic CdznS/InGaP/
GalnAs/Ge three-junction cell. :

High efficiencies can be projected if a GaAs
cell is stacked with a Ge cell (see Section 3).
We observe, furthermore, that Ge is lattice matched
to GaAs to 0.1s. It should therefore be possible
to fabricate a monolithic dual junction cell by
simply fabricating a Ge booster cell on the back-~
side of an existing already-developed AlGaAs/GaAs
cell.

Turning now specifically to the cell struc-
ture of Figure 1(a), we envision first fabricating
a shallow homojunction p AlGaAs/n GaAs solar cell
on the frontside of a semi-insulating GaAs wafer
followed by the fabrication of a shallow homo-
junction Ge solar cell on the barksidz of the same
wafer. We propose using interdigitated » and n
contact grids for each cell. For the grid to the
buried layer, channels would be etched through the
top p layer exposing the buried n layer for con-
tacting. Since the buried laye:r can be made
relatively thick, fewer contract fingers will be
required in the grid for that layer and the
shadow losses asscciated with this grid can be
kept well below those shadow losses associated
with the standard top layer grid.

The cell of Figure 1(b) differs from that of
Figure l(a) in that the interdigitated contact
structure is no longer used. Instead, the p
AlGaAs/n GaAs shallow homojunction cell is fabri-
cated on the front side of an n-type GaAs wafer
and a Ge shallow homojunction cell is fabricated
on the back. The two cells are series connected
through an n+/p+ GaAs tunnel junction fabricated
on the backside of the wafer prior to the fabri-
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catior. =X =*e r© GaAs/n Ge cell. The tunnel junc-
tion fiooc=iios gialitatively as g low s ries resis-
tance .- ezt because the n and p layers

are ¢ r2racy ard behave approximately
like sact layers. These contact

layers a-&. —omever, special in that they are
optical’t tra=starent single-crystal layers. More
detail oz tme zunnel junction will be given in
Secticz &-

I= z&r=s cf ease of fabrication, the dual
junctic= zell of Figure l(a) is probably the sim-
plest ocss:>le monolithic multijunction cell,
i.e., it u:l3s or an existing cell, it uses the
minimum -.=:rer cf additional epitaxial layers, and

it builds wiz2 an elemental semiconductor. The
szicn cell of Figure 1l(b) is the next

dual~ius
most coerliczated cell, but with the additional
tunnel Tu=zsticn layers, the crucial building block
requirec Iz 2 from a dual junction cell to a cell
with three cr pore active junctions becomes appar~
ent. Tnis Zrings us to the three-junction cell of
Figure I(c). Each additional cell in this struc-
ture is fox—=ed with n n/p p building blocks.
Specifically, the lowest bandgap cell is fabri-
cated in une Ge wafer, the npext cell is fabricated
in GalzAs {with the r n/p p building block) and
the last and n:ighest bandgap cell is fabricated in

Galng. Tinally, the whole structure is capped with
an n C3ZnS or indiur tin oxide (ITO) transparent

window layer. Because of *he large number of
layers irvolved in this structure, and because of
the akrup: doping profiles required at the tunnel
junctions, a new epitaxial crystal growth tech-
nology will, however, have to be developed. One
possible approach is outlined in Section 4.

Now that we have described the structures of
Figure 1, we note that the layers involved are all
latice matched to within 18. We document this
point in Table 1. In this context, the low mis-
match between Ge and GaAs is again especially
attractive. In the next section we shall show
that the raterial bandgaps are alsco suitable for
reasonably uniform current distribution among the
junctions for each multijunction structure.

3. TJLTIJUNCTION CELL EFFICIENCY PROJECTIONS

In this section, we begin by considering the
current distribution in the active junctions of the
cells of Figure 1. We then derive values for
operating voltages, and finally, we conclude with
cell efficiency projections.

a. Light Generated Current Optimization

In order to address theproblem oi light gener-
ated current distribution in a multijunction cell,
in Figure 2 we present the cumulated photon flux
(converted to short circuit current) versus wave-
length for the AMO and AM1.S solar spectra. The
short-circuit current listed at each wavelength is
the integrated short-circuit current from the long-
wavelength end of the solar spectrum up to the
listed wavelength. These curves were calculated
from the AMO data of M. P. Thekarkara (1) and the
AM1.5 data of Brandhorst (2).

126

In this paper, we shall study the AlGaAs/
GaAs/Ge dual-junction cell under most conservative
conditions, i.e., for the space application using
the AMO spectrum. Alternately, we shall study the
ITO/InGaP/GalnAs/Ge three-junction cell for the
terrestrial application using the AM1.S spectrum.
In the AMO spectrum of Figure 2(a), we have noted
the bandgap positions of AlGaAs, GaAs, and Ge, and
similarly, in the AM1.5 spectrum of Figure 2(b),
we have noted the bandgap positions of ITO, CdznS,
InGaP, GalnAs, and Ge. (The ternary layer composi-
tions are those shown in Table 1.) From the curves
of Figure 2, we extract the short-circuit currents
available at each active junction under ideal con-
ditions. 'l‘hus2 for example, for the dual junction
cell, 33 mA/cm (107-745 are generated at the GaAs
junction while 35 mA/cm® (74-39) are generated at
the Ge junction (assuming d}rect gap absorption
only). Similarly, 14 mA/cm” (41-27) are generated
at the GalnAs junction in the three-junction cell.
And so on. These available short circuit currents
are given in Table 2.

In order to arrive at a value for the operat-
ing current for the multijunction cell, we observe
that because of series interconnections, the current
will be limited by the cell with the lowest short
circuit current. For simplicity, we shall there-
fore operate that lowest current junction at its
maximum power point. The other junctions in the
stack then simply boost the output voltage. While
this does not lead to an exact optimization for
maximum power conversion efficiency, this is a good
enough approximation for the present estimates.

For the AlGaAs/GaAs/Ge dual junction cell, the
AlGaAs/GaAs cell is the lowest current cell and
therefore the GaAs/Ge cell is the booster cell.

From our measurements, as well as from reference
(3), we can estimate the optimum operating current
of a good GaAs solar cell to be approximately 0.95
times it3 short circuit current. Taking I e ™

33 mA/cm” as per Table 2 leads to an gptimum operat-
ing current of 0.95 x 33 = 31.4 mA/cm".

For the three junction cell, the GaInAs junc-
tion limits the cell current and because its bandgap
is near that of GaAs, the optimum operating current
for this cell will again be approximately 0.95
times its ihort circuit current, i.e., 0.95 x 14 =
13.3 mA/cm”.

b. Cell Operating Voltages

Having arrived at values for junction short
circuit currents and operating currents, the
operating voltage at each junction can be calculated
from the expression

1 -1
v o« KT, (-BE__°P,
°p 9 Too (1)

This equation assumes that the junction dark current
is diffusion limited in the calculated operating
voltage reqgion. For the dual junction cell, this
assumption is reasonable because LPE GaAs is of high
quality and because the Ge bandgap is low. For

the three junction cell, this assumption is reason-
able if it is used under concentrated sunlight
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because diffusion currents dominate at the high
current levels encountered undexr concentrated sun-~
light conditions.

In order to calculate operating voltages
from Eq. 1, we need values for the diffusion
limited da{b currsnt, I 00" For GaAs, an I value
of 2 x 10 A/em” is typxc.l We arrive ag this
value of 1 for GaAs by noting that our GahAs
concentrator solar cells typically have an open
circuit voltage of 1.1V when the short circuit cur-
rent is 2 amps. Assuming the forward current is
diffusion limited in this voltage and current
range, we calculate an Ioo from

1
v =X 0 5€ of 2« 10710 A/em®.
oc q I°°

We verify the diffusion limited current assumption
by noting that V vs ln (solar concentration
ratio) graphs give a slope of kT/q. Since the
diffusion current scales with bandgap as 1 Eg/kT,
we can calculate values of I for the different
materials used for the relevant junctions. Then,
from these values and the values of I_ , and Iop
given in the last section, we can calculate
junction operating voltages. 1In this calculation,
we assume 1 sun at AMO for the AlGaAs/GaAs/Ge
dual junction cell. For the three junction cell,
we assume 1 sun and 300 suns concentration at
AM1.5 (terrestrial applications). The correspond-
ing operating voltages V°p are given in Table 3.
The calculated operating voltage for the dual
junction cell is 1.1 V. The projected operating
voltage for the three junction cell is 2.13 V and
2.55 V for 1 and 300 suns respectively. We
observe that the operating voltage increases with
concentration ratio (CR) as 3 x (1/40 V) x 1ln CR,
i.e., for three junctions, the voltage increases
3 times faster with solar concentration than for
a single junction cell.

¢. Projected Energy Conversion Efficiencies

From the operating voltage and current, the

multijunction cell efficiency is readily calculated.

Thus, for the dual junction cell, the conversion
efficiency projected under space illumination and
no solar concentration is:

2
71 o 1.4 mA/cm X 1.1 v = 25.6% at AMO,

2 1 sun
135 mW/cm

For the three junction cell, the conversion

efficiency projected under terrestrial illumination

is:

33% at 1 sun, AM1.5

2
72 . 13.3 mA/cm x_ op -

F)
84 mA/cm 406 at 300 suns, AM1.5

4. CELL FABRICATION

The severity of the fabrication problem for a
multijunction cell will vary depending on its
structure. The dual junction cell of Figure 1({a)
builds on an existing cell and avoids the tunnel

junction fabrication problem. The successful fab~
rication of this cell will depend on the fabrica-
tion of the GaAs/Ge cell. 1In this regard, Ge
epitaxial layers have been deposited on GaAs sub-
strates by several groups. (4-12) Furthermorse,
spectral response {(13) and open circuit voltages
(14) have already been reported for the GaAs/Ge
heterostructure. The structure of Figure 1(a)

may therefore be the one which can most readily
be implemented with the existing state-of~the-art.

The structure of Figure 1l(b) does not only
provide an alternative to the structure of
Figure 1(a), it also addresses a key problem in-
herent in the highest efficiency multijunction
cells of the type of Figure 1{(c), i.e., cells with
more than 2 active junctions. 1In these cells, one
must fabricate tunnel junctions with abrupt dopant
profiles and maintain those profiles throughout
subsequent epitaxial layer processing. A key
problem, then, is the development and application
of low temperature epitaxial layer growth technol-
ogies. Herein, we first quantify this by examining
the tunnel junction series resistivity problem.
We then describe briefly two low temperature
growth technologies, i.e., molecular beam epitaxy
(MBE) and a variant of low pressure chemical vapor
deposition {vacuum CVD).

a. Tunnel Junction Series Resistance

In the structures of Figures 1(b) and 1{(c),
the active junctions are coupled by tunnel junc-
tions, and in the efficiency projection of Section
3, we assumed that the voltage drop across each
n p tunnel junction is zero. Here, we examine
that assumption. At each n p junction, carriers
tunnel through a barrier of a certain height and
width. The barrier height and width determine the
resistivity at the tunnel junction.

Kane (15) has presented a theory of tunneling.
For a direct gap semiconductor, one can write

SO PN B ket B
v

4 B -
where m* is the tunneling particle mass, w is the
barrier width, By is the material bandgap or
barrier height, V is the voltage drop across the
tunnel barrier, and, of course, J_ is the tunnel-
ing current density. Expressing m* in electren
masses, Eg in electron volts, and w in angstroms,
this expression reduces to

J
—; - 1011(_.2__ /ﬁ"ﬁg‘ = exp-(0.68 YmVEg w)
3

The resistivity curve calculated from this equation
for GaAs is presented in Figure 3. Equation (3)

is accurate with the proviso that the constant,
0.68, can vary slightly depending on the barrier
shape {16). For this reason, the curve of

Figure 3 was calculated assuming an Eg of 1.4 eV
and an m* such that the curve passes through the
resistivity point reported by Hononyak for a GaAs
tunnel diode (17). The resultant m* value of 0.03
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is quite reasonable. We have verified the validity
of this curve by plotting on this same curve some
experimental tunnel junction data points obtained
on structures fabricated at our laboratories.

From the curve in Figure 3, we now make
several observations. First, the junction resis-
tivity is extremely sensitive to barrier width, W.
In fact, the resistivity varies by one order of
magnitude if W varies by 20 Second, the doping
density must be quite high. To quantify this, in
Figure 3, we have plotted the equivalent doping
density, N* = N N /N + N, as well as w assuming
step function dopant profi?es. Third, we observe
that the process temperature must be low enough to
aovid chemical diffusion distances much in excess
of approximately 20 R, to keep W effectively small.

Equation 1 allows us to make one final obser~
vation. It is much easier to make a tunnel junc-
tion in a low bandgap material than in a high
bandgap material. For this reason, we observe
that for our proposed three junction cell, we
place the tunnel junction coupling to the highest
gap cell at the heterojunction interface between
InGaP and GalnAs. The relevant barrier height
is then the lower bandgap o£ GalnAs, e.g., 1.25 ev.
However, in this case the n layer in GalnAs must
be much thinner than an optical absorption length,
typically < 1000 X. .

The data points in Figure 3 serve to verify
Eq. 3. From Eq. 3, we can now look specifically
at the voltage drops across the tunnel junctions
for the structures of Figqure 1(b) and 1l(c). Thus,
first, for the dual junction celllén sgace. we
calculate that for a N* of 4 x 10° /cm”, w = 141 L
and

J w

t
V= 0 exp (0.138 w)
8 x 10

o 31 x 141

10 %P (0.138 x 141)
8 x 10

= 15 mv.

This may be compared with a value of 50 mV recently
measured at Hughes on an experimental structure.
Turning to the three junction cell, the voltage
drop will be highest across the highest bandgap
tuggel junction (GaInAs). For a N* of 7.5 x

10" /cm3, w = 103 X and 300 suns, we calculate

that

V= L"-% exp {0.130 x 103)] x 300
8 x 10

= 3.3 mv

b. Low Temperature Epitaxial Growth

Semiconductor quality epitaxial layers of
GaAs, InP, InGaAs, GaAsP, Si, and Ge have been
grown at low temperatures by molecular beam
epitaxy (ig). 3F’urthegmore, n GaAs layers doped
tol x 107"/cm™ and p GaAs layers doped to
3 x 10 /cm3 have been prepared (18). These
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dopant valusa cogld lead to a tunnel junction N*®
of 7.5 x 10" /cm™. Therefore, this technique
provides an excellent research tool for the inves-
tigration of multijunction solar cells.

Unfortunately, MBE will not allow device
production in the volumes required for practical
solar cell applications. CVD processes are
commercially viable, but operate at high substrate
temperatures. To illustrate this high temperature
pProcessing problem, we observe that metal organic
CVD could readily be applied to the deposition
of multiple II;-V layers of varying compositions.
However, for p films grown by this process, a
dopant like 2Zn diffuses much too fast and a dopant
like Cd will diffuse 10 § in 25 sec at 725°C, a
typically required growth temperature. We have
noted that, for Ge films prepared by GeH‘ pyrolysis
the growth temperature can be lowered by lowering
reactant gas pressures and residual gas pressures
below those used in conventional CVD (4). The
resultant vacuum CVD process may, then, be appli-
cable to the production of multijunction solar
cells (4). Returning to the MO-CVD example with
Cd doping, if the process temperature can be
lowered to 600 C via low pressure MO-CVD, Cd will
take 1 hour to diffuse 10 X.

5. CONCLUSIONS

We have shown that material combinations exist
which potentially allow the fabrication of mono-
lithic stacked multijunction solar cells.

Lattice matching and equal current distributions
are possible. For space applications, we cal-
culate an efficigency for the AlGaAs/GaAs/Ge dual
junction cell of 25.6%, and for terrestrial
application with 300 suns concentration, we cal-
culate an efficiency of 40.4% for the Cd2nS/InGaP/
GaInAs/Ge cell. We have noted that low epitaxial
growth temperatures are required for device fabri-
cation and that MBE should allow a means of making
these cells a reality. The challenge will be to
develop a scalable low temperature growth tech-
nology.
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5.1 INTRODUCTION

The revolution in solid-state electronics began with a theory of a
perfect periodic [attice with donor or acceptor impurities. This theory
allowed the development of bulk-effect devices such as junction diodes and
bipolar transistors. Next, extension of the theory of the solid state to
surfaces paralleled the development of surface-effect devices such as field-
effect transistors (FETs) and charge-coupled devices (CCDs). In these two
areas, semiconductor process development led to successful commercial
devices because the solid-state theory provided predictability,

Polycrystalline semiconducior thin-film development, on the other
hand, has proceeded by correlating process variables with device variables

POLYCRYSTALLINE AND AMORPHOUS Copyright ® 1990 by Academic Press, Inc.
THIN FILMS AND DEVICES All rights of reproduction in any form reserved
ISBN 0-12-401880-8
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ANALYSIS OF P-TYPE GaAs GROWN BY LOW PRESSURE METAL ORGANIC
CHEMICAL VAPOR DEPOSITIOMN*

Ken Zanio
Hughes Research Laboratories
3011 Malibu Canyon Road
Malibu, CA 90265

ABSTRACT
Unintentionally doped p-type thin films of GaAs were grown by
low pressure metal organic chemical vapor deposition. For growth
near the Ga-rich three phase boundary, room temperature hole con-
centrations as high as 4 x 1020 cm'3 with corresponding mobilities
( of 30 cm2/Vsec were obtained. Carbon was the major impurity, but
in concentrations less than the free hole concentrations. For
growth away from the three phase boundary the hole concentration
' decreased, and an ionized impurity concentration (NA+ND) as Tow
o as 2 x 1016 cm'3 was obtained. Carbon and oxygen were the rajor im-
purities in concentrations much higher than NA+ND. When isolated
antisite acceptors near the three phase boundary and neutral im-

purity complexes in near-stoichiometric material were considered
to be the majority defects,a correlation between NA+ND and the
. impurity content was found.

*  Supported by AFOSR
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i 1. INTRODUCTION
Metal organic chemical vapor deposition (MOCVD) is a well establish-

1,2,3  gperating MOCVD

ed technique for growing thin films of GaAs
systems at reduced pressure allows a lower substrate temperature and
alleviates autodoping4. The characterization of GaAs thin films pre-
pared by these MOCVD techniques has focused on n-type films for a
variety of devices (e.g., FET's, Schottky diodes, TED's etc.). How-
ever, the characterization of p-type material is important for two
reasons. First, p-type GaAs is becoming mo:e important in devices ;

such as solar cells, lasers, transistors and IMPATT'ss’G.

Secondly,

understanding the defect chemistry in p-type material should be helpful

in reducing the total concentration of electrically active residual

centers in GaAs. There is not a wealth of information in the literature

regarding the characterization of p-type GaAs thin films prepared by

MOCVD. Unintentionally doped GaAs prepared by vacuum technologies ;
is predominantely p-type. In this paper we relate the impurity content ‘
of our p-type films to the electrical activity through an appropriate

defect model.

2. THE MOCVD SYSTEM AND EXPERIMENTAL PROCEDURE

A schematic of the low pressure MOCVD system used to grow GaAs

thin films is shown in Figure 1 (top). In this system, a 10% mixture

of AsH3 in H, from Scientific Gas Products and trimethylgallium

2
(TMGa) from Alfa Ventron was bled into a vertical quartz reactor at

a fiow rate of about 50 cc/min. The gases impinged directly on the
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( (100) semiinsulating GaAs and sapphire substrates. The substrates
! were radiatively heated by a coil located directly under the quartz

pedestal. The coating of the sapphire could be observed during growth
through the outer quartz wall. The H2 and the gaseous by-products of
the TMGa decomposition were pumped on by a Leybold Heraeus rotary vane
pump. A working pressure of about 50 Torr ,measured upstream from
the reactor, was maintained by a needle valve located between the
reactor and a cold trap. A residual gas analyzer pumped on by a
Leybold Hereaus turbomolecular pump i..s used for leak checking.
when the system was outgassed and leak checked the valve to the
forepump was closed and the system was pumped on by the turbo-

! puinp.

Before loading the GaAs substrates, the quartz pedestal was

baked out in vacuum for 30 minutes at SSOOC. The remainder of the

system was baked out at about 100°C. After the reactor was cooled

to room temperature, the system was backfilled with N2, and the outer
quartz jacket was removed from the reactor. A wafer of GaAs approx-
imately 2 cm by 1 cm and a sapphire disk approximately one centimeter
. on a side were placed on the quartz pedestal. Previous to loading,

the GaAs wafers were given a 10 sec 0.1% bromine-in-nethanol etch and

ey
- biown dry in dry N2. After closing the reactor , the system was
*i? purged with AsHs/H, and heated to the growth temperature. After

%
-1 about 20 min at 550°C, growth was initiated by introducing TMGa.
_ ; After one to three hours, growth was terminated by stopping the TMGa
:*: flow. The substrate temperature was reduce.. .0 room temperature
;i before turning off the AsH3.

a
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Several preliminary runs were undertaken on sapphire substrates
with large excess of Ga to locate the Ga-rich three phase boundary and

! establish growth conditions., After these preliminary runs the

B AsH3—to-TMGa flow rate ratio (FASH3/FTMGa) was slightly increased to
about 0.9. Using both (100) semi-insulating GaAs and sapphire substrates
two runs were undertaken at FAsH3/FTMGa = 0.9. Three runs were then
taken at FASH3/FTMGa = 3.7. (For convenience we refer to growth at
these conditions as flow rate ratios of one and four, respectively). To
change FAsH3/FTMGa’ the TMGa flow was varied by about a factor of three.
The exact ratio was established by adjusting the AsH3 flow rate. Runs '
at Tow FAsH3/FTMGa lasted about one hour. To obtain the same film thick- !

( ness, runs at higher FASH3/FTMGa lasted about three hours. As expected,

the film thickness was proportional to the TMGa flow rate. The films

' were examined by selective area electron diffraction (SAD), scanning

electron microscope (SEM), x-ray Read, and x-ray topographs. The

thickness of the layers was determined by SEM, staining cleaved

sections, and sputter ion mass spectrometry (SIMS). The electrical

properties were surveyed with a hot probe and Hall measurements.

The impurity content of the films was examined by SIMS. Profiles
, were taken with a Cameca IMS-3f microanalyzer (Charles Evans and
Associates, San Mateo, California). Samples were sputtered using

+ ., . . . . .
Cs ion bombardment while monitoring negative secondary ions.
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3. RESULTS

A. CRYSTAL PERFECTION AND MORPHOLOGY
Reactant gases entering the reactor impinged directly on the
substrate and were not baffied. Therefore, gradients in the film
. i1 o
thicknesses, especially at Tow (FAsH3/FTMGa)’ were expected. The thick

nesses of the filns at FAsH /FTMGa of four were about 3 um and were

tapered to about 2 um at thg edges. For the runs near the three-phase
boundary (i.e., FAsH3/FTHGa = 1), hillocks formed at the center of the
wafer (Position O in Figure 1) where direct impingement of the reactive
gases on the substrate occurred. Staining cleaved structures showed the
hillocks to be about 30 um thick. These films were about 6 um thick
near the periphery of the hillocks, tapering to about 3 uym at the
edge of the wafer. Coverage also occurred on the bottom of the wafers
because of a slight bow in the pedestal, and clearance between the
pedestal and the wafer. Films on the bottom of the wafers were about
2 um thick.

Scanning electron microscope pictures showed a variety of
surface features for films prepared near the three-phase boundary.
In the first run at the boundary, Ga balls and particulate matter,
assumed to be carbon, were observed on the hillock. The presence
of Ga balls in the first run established that growth occurred near
the three phase boundary. The smoothness of the fiims improved at
increasing distances away from the direct flow of the gases. Figure 2
shows SEM photographs of the films at different position. At Position
1 on the substrate the SEM shows only the crusty GaAs layer. Faceting
is evident at Position 2. At Position 3 the onset of smooth layer

growth was found. At Position 4 surfaces free from defects at
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magnifications up to 100,000x were found. In Run 2 the distribution of
surface features were the same but Ga balls and particulate matter were
not found. The morphology of the backside of the wafers was most
typical of Position 4. Films prepared at FAsH3/FTMGa of four were
faceted. The surface morphology was most characteristic

of Position 3.

A survey of all the films with SAD indicated single-crystal
epitaxy. Except at the hillocks, SAD showed uniform channeling
patterns. There was no difference in channeling patterns, either
across a thin film, among the thin films, or between the thin films
and a reference substrate. Although the channeling pattern is not
a precise tool for evaluating the quality of the layers, it did show
that except for the hillocks, epitaxy had been achieved over the entire
wafer, and that an amorphous layer of significant thickness was not
present.

X-ray Read pictures of regions characteristic of Position 2
showed both <~nts and rings characteristic of both single-crystal
and polycrystalline materials. X-ray Read pictures at Position 4
and the bottom of the wafer showed only spots characteristic of single

crystalline material. X-ray Read pictures of films prepared at FAsH/
3

FTMGa of four showed spots characteristic of single-crystal material.

Defects were not apparent in an x-ray topograph of this ma:terial. -
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B. ELECTRICAL PROPERTIES

Van der Pauw measurements were made on 10 samples. These samples
were characteristic of positions on the wafer having the best crystal
perfection and as little faceting as possible. Hole concentrations

19

20 -3 .
at FAng/FTMGa of one ranged from 6 x 1077 to 4 x 107 cm ~, with the

highest concentrations found near the hillocks. Less scatter in the

data was found at a FA5H3/FTMGa of four. The average hole concentration

ig. . s 7 tempera
was plotted versus FAsH3/FTMGa at one and four (Fig. 3). Also, room temperature

hole mobility was plotted versus the hole concentration (Figure 4).
Each data point represents the highest mobility for each of the four
runs. Data from the first run at FASH3/FTMGa of four was not in-
cluded because the system was not outgassed prior to growth, and the
electrical data wasatypical. P-type mobility data for GaAs pre-
pared by MOCVD were not available in the lTiterature, so MBE data were
used for a comparzgé%. Solid and open data points are characteristic
of intentionally and unintentionally doped material, respectively.
The dashed line represents the envelope of the highest mobilities

of p-type GaAs prepared by vacuum technologies. The extrapolation

of the mobility to 450 cmZ/Vsec at a hole concentration of 1014

cn™3 represents the lowest NotNp in p-type GaAs.

Figure 5 and Figure 6 show, respectively, the hole concentration
and mobility as a function of temperature for the highest mobility
sample prepared at FAsH3/FTMGa of four. These results were obtained
from a Van der Pauw sample 7 mm on a square (dashed curve). The sample
was then slotted to form a cloverleaf (solid curve). The total con-

centration of electrically active centers (NA+ND) from the cloverleaf
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sample is 2.4 x 1016 cm'3. There is reasonable uniformity across

the sample. If we compare the square sample with the cloverleaf
sample there is little difference in the shape of the mobility and

concentration curves. The electrical measurements sample areas of

2 2

40 mm~ and 10 mm® for the square and cloverleaf samples, respectively.

C. [IMPURITY ANALYSES

Figure 7 represents typical SIMS data taken at FAsH3/FTMGa of 1,

Except for oxygen, there was not a significant difference between

either the distributions of various impurities at a second position

on the sample, or films prepared in different runs at FAsH3/FTHGa = 1,
The peaks are due either to spikes in the impurity profiles, or differ-
ences in the sputtering rate at the interface due to a transition region
of different crystalline perfection. The 1H distribution falls off
rapidly from the surface. This is probably an instrumental effect

and not characteristic of the sample. The carbon distribution is

19 o

uniform, with a concentration of about 10 m-3 and well above

background. The oxygen profiles vary, with the average concentration

18 3, 18 p3 oxygen was found at the

being about 10 Up to 3 X 10

surface. In this particular sample, except for the higher surface

concentration, there was no oxygen above the background level of 8 x

17 em™3. The mass 32 profiles are similar to the 16 profiles,

and most likely are 320 . The mass 28 profiles correspond to about

2
1016 3 si. This signal is most likely caused by 28

10

N2. Con-

centrations of other impurities significantly above background were
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not apparent. Figure 8 shows SIMS data at FAsHB/FTMGa of four. In
this case, the peak in the carbon distribution is real and represents

a high concentration of carbon at the interface.

4. DISCUSSION

High concentrations of carbon and oxygen are present in our fiims
and are common in unintentionally doped GaAs fiims. Figure 9 shows a

plot of the carbon and oxygen content of films prepared by MOCVD tech-

2,3,12

niques versus NA+ND. An n-type VPE sample having a LN2

13
mobility of 200,000 cmz/Vsec js included for comparison . Where

NA+ND was not available, it was estimated from mobility datala. The

type of the material, either n or p, is indicated above each set of
data. It is common for most of the oxygen and carbon to be electrically
neutral. If all the impurities were active, then the data would lie
close to the solid Tine which represents a one to one correspondence
between electrical activity and impurity content. A smooth dashed

line is drawn through the carbon data points. The carbon content

increases with NA+ND and appears to saturate at about 1019 cm'3

the assumed solubility limit.
Because the carbon concentration is generally higher than the
oxygen concentration, it should be the component which dominates the

defect chemistry. For reduced NA+ND, the carbon content is significant-

ly higher than NA+N This is due in part to the uniqueness of the

D
GaAs lattice. GaAs is highly covalent, and the tetrahedral covalent

.15

radii of Ga and As are identical. Because the sublattices are

nearly equivalent, carbon has little preference for substituting on
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either Ga sites (CGa) or As sites (CAS). When one of the carbon
atoms is incorporated on one of the sublattices as a charged defect,
for example Céa as a donor on the Ga sublattice, an additicnal carbon
atom is attracted to the As sublattice as an oppositely charged acceptor
(CRS) to form the neutral complex (CGa’ CAS). This complex should be
present in high concentrations because CGa and CAS are oppositely
charged, Ga and As sites are nearly equivalent, and CGa and CAS
are nearest neighbors.

The carbon concentration is generally up to a factor of ten

2’3’12’13. For our

larger than the oxygen concentration in GaAs
material near the stoichiometric composition it is about a factor

of three larger. A fraction of (CAS) compensates the oxygen which

is presumed to also occupy As sites and form neutral complexes. A

very small fraction of the carbon and oxygen atoms remain to form isolat-
ed electrically active defects. The concentrations of various native
defects make small adjustments to further reduce the concentration

of isolated electrically active impurities. The predominant native
defects assumed here are the isolated antisite defects, Ga on an As

site (GaAS), As on a Ga site (AsGa), and the neutral antistructure com-

).16 19 -3

plex (Ga,., As Up to 4 x 10°7 cm ~ antistructure defects have
As Ga

17,18

been tentatively identified in GaAs. We prefer involing an anti-

site native defect model rather than a vacancy model because the energy
to form an isolated antisite defect]6 (=1.6 eV) is substantially less

19

than the energy to form a vacancy (=2.6 eV) in GaAs. The energy to

form (GaAS, ASGa) is onlv 0.70 eV.
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As a result of these interactions NA+ND will be less than the
total carbon and oxygen concentrations. Also, small decreases in the
impurity content result in large decreases in NA+ND. As the impurity
concentration decreases, the concentrations of neutral complexes and
jsolated carbon and oxygen atoms also decrease. As the concentrations
of isolated carbon and oxygen atoms approach the equilibrium concen-
tration of native defects, the native defects are more readily able
to precisely compensate a greater fraction of the isolated impurity
atoms. Because of the formation of neutral complexes, it is not
clear as tc whether either carbon, oxygen, or other impurities in
significantly lower concentrations are the dominant residual
acceptors or donors in GaAs. From Hall measurements on our p-type
/F

AsH3 TMGa
an activation energy of 0.021 eV. This value is similar to that

material prepared at a F of four (Figure 5) we measured
found in unintentionally doped p-type material, and has been associated
with carbon.

At large deviations from stoichiometry NA+ND is much Targer than
the impurity concentration. Under these conditions, most of our carbon
is probably electrically active and located on As sites. The isolated
antisite defect becomes the majority native defect and dominates the
electrical properties. Our concentration of antisite defects and holes
are about 1020 cm'3, and rwch larger than normally considered. Unusu-
ally higher concentration of native defects are possible if (1) we con-
sider the antisite defect with its Tower energy of formation rather

than the vacancy as the majority native defect, and (2) if our growth

process is kinetically limited, resulting in a concentration of native
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defects which is significantly higher than expected at thermodynamic
- equilibrium. In support of our high hole concentrations, Metze et a].g
20 cm'3.

‘ prepared Ga doped MBE material with hole concentrations of 3 x 10

s Subsequent to the submission of the abstract, Ploog et a].]] reported

mobilities of about 50 cmz/Vsec for Be-doped material having a hole
concentration of 5 x 10'% cm3. The data of Ploog et al. fall near f
the envelope of high mobility material and lend support to our data.
Qur crystal perfection is remarkable for such high hole concentrations.
Both our films and the films prepared by Metze et al. showed single-
crystal channeling patterns when examined by SAD. X-ray Read pictures
of our layers generally were composed of rings (polycrystalline material)
( ' and spots (single-crystal material). The latter feature may be primarily
from the substrate. However, selected regions of our highly degenerate
material showed only spots.
Our increase in NA+ND, with increases in the concentration of
carbon and oxygen, is consistent with the amphoteric impurity share
mode]3 in which the amphoteric impurity carbon is shared between Ga
and As sites, and the carbon concentration is proportionai to the

o concentration of available vacancies. In our electrical data, and the

e one atmosphere MOCVD work of Seki et a1.3 (Figure 3), the carrier con-

S aridcs

- XU

centration NA-ND increases with deviation from the stoichiometric com-

position. However, there is not a one to one correspondence between the

S

)

impurity content and either NA—ND or NA+ND, because near the stoichio-

metric composition a large fraction of the carbon and oxygen is elec-

AR g

Al adad) il -

trically inactive and at extreme deviations from stoichiometry the elec-

trical properties are determined by native defects.
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' 5. SUMMARY
‘ Unintentionally doped p-type films of GaAs were grown by LPMOCVD. ’
Near the Ga-rich three phase boundary the hole concentration was signi-
: ficantly higher than the total concentration of impurities. For more
. stoichiometric material, the concentration of electrically active im-
purities was lower than the impurity content. If impurity compliexes
and antisite defects were considered, a correlation between the im-
purity concentration and the electrical properties exists.
NA+ND decreases and "purity" increases with a decrease in the concentra-
tion of carbon and oxygen, not directly, but indirectly, presumably
because of the more exact formation of neutral compleres. It is impor-
tant to reduce the total impurity content to decrease NA+ND and improve

the "purity." However NA+ND and "purity" are more dependent on how the ‘

' impurities are incorporated and their relative concentrations.

The author acknowledges helpful discussions with Dr. R. Wilson,
Dr. R. Baron and K. Miller and thanks H. Montano for undertaking
the Hall measurements and P. Hoberg for assiz.ing in the assembly of
the MOCVD system.
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APPENDIX F

21st ELECTRONICS MATERIALS CONFERENCE
University of Colorado at Boulder
Boulder, Colorado
June 27 - 29, 1979

ABSTRACT

C.5 (3:35-3:55)
( Preparation of InP Thin Film Layers by Planar Reactive Depo-
sition for InP/CdS Solar Cells:* K. Zanio, Hughes Research
' Laboratories, 3011 Malibu Canyon Road, Malibu, California 90265;
L. Fraas, Chevron Research Co.. Richmond, California 94802;
F. Krojenbrink and L. Hershenson, Hughes Research Laboratories.
3011 Malibu Canyon Road, Malibu, California 90265

' - Indium phosphide was epitazially d ited by the planar reactive depasition (PRD?
tll:hmquo onto lnP and CdS single cry.ul substrates. Undoped singie crystal thin tilms
of [nP ited on semi- iating InP sub wn the 320°C to 420°C tempersture

rangs are n-cypn with room temperature mobilities as high as 4062 cm*/ Vsec and free
slectron concentrations as low as 10°* cm*. Single crystal CdS-on-InP cells were pre-
pared by depositing CdS onto singie crystals of commercial p-type InP and onto inter-
mediate micron thick layers of Be-daped p-type InP. the latter deposited earhier onto
the commercial InP substrates over the 340°C.400°C range by the PRD approach. The
efficiency of the beat reference ceils and the best cells using the intermediate PRD thin
films as the light-absorbing layer were similar, being approximately 107 (Awr mass 2
illumipation with no anti-reflection coating). Cell efficiency was not found to depend on
the of pt of the intermediate single crystal PRD layer. Studies on
the polycrymllme nolu cells prepared by the deposition of CdS onto intermediate poiy-
crystalline InP layers showed reduced efficiencies, pnmarily through s decresse on che
open circuit voitage. Approaches in pasaivating (he srain boundaries vnll be discussed
Interdiffusion limited the deposition of InP on polyer Mine CdS to tem-
perstures below 350°C. The possibilities of prepaning an all thin film InP-on-CdS-on.
GLASS structure at temperatures bejow 350°C will also be discussed.

¢ R

°Supported in part by the Department of Energy
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